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This dissertation has been prepared in the form of three papers for 
publication using the style utilized by the Journal of Applied 
Electrochemistry. Pages 1-109 are in preparation for publication.
Appendices have been added for purposes normal to dissertation writing.
ABSTRACT
The influence of cathode macromorphology on the current efficiency 
of zinc electrowinning was determined.
The studies have shown that surface roughness affects current 
efficiency during zinc electrowinning, particularly when the electrolyte 
contains impurities such as nickel and antimony. Current efficiency does 
not change with surface roughness as long as the electrolyte is 
sufficiently pure.
Zinc deposited on smooth zinc cathodes tends to retain a more 
favorable structure and macromorphology, which is less sensitive to the 
effects caused by antimony and nickel. Glue helps to counteract the 
effect of the impurities; however, its presence in the electrolyte at 
certain combinations with other additives produces an increase in 
surface roughness and a dramatic decrease in current efficiency. A 
definite relationship was observed between the data obtained by cyclic 
voltammetry and the long time current efficiency tests.
A statistical screening design program was conducted to determine 
the individual effects and interactions of temperature (35-45°C), 
antimony (0.02-0.06 mg/l), nickel (1-5 mg/l), glue (5—15 mg/l) and acid 
concentrations (175-225 g/l) on current efficiency. The results show 
that smooth zinc cathodes are less susceptible to impurity attack while 
rough deposits give consistently lower current efficiencies than smooth 
zinc. Under certain conditions, glue proved to be an important factor in 
influencing roughness evolution.
The influence of cathode current distribution on current efficiency
iv
was also investigated. The effect of current density (up to 50 mA/cm2 )
and sulfuric acid concentration (150-250 g/l) on current efficiency was
determined. The results show that low current densities (up to 10 
mA/cm2) cause an increase in hydrogen evolution and an eventual 
dissolution of the zinc deposits. At the same operating conditions of 
current efficiency tests (12 hour deposition time), cyclic voltammetry 
tests show that the current rise measurements present a good correlation 
with current efficiency.
Electrolytes containing antimony and glue show that, at low current 
densities, glue does not completely counteract the effect that antimony 
and high acid concentrations have on current efficiency. A proper 
chemical balance of the electrolyte was very critical.
The experimental results have shown that surface macromorphology of 
the electrode was an important factor to be considered in the evaluating 
the efficiency of zinc electrowinning. In addition, surface 
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THE DETERMINATION OF THE ROLE OF CATHODE MACROMORPHOLOGY 
ON ZINC ELECTROWINNING
Abstract
The influence of cathode macromorphology on the current efficiency 
of zinc electrowinning was determined. The impact of surface roughness 
on zinc deposition at various temperatures (35-45°C), sulfuric acid 
(150-250 g/1 ), antimony (up to 0.06 mg/1 ), nickel (up to 30 mg/1 ) and 
glue concentrations (up to 20 mg/1 ) in the electrolyte was evaluated.
The studies have shown that surface roughness affects current 
efficiency during zinc electrowinning, particularly when the electrolyte 
contains impurities such as nickel and antimony. Current efficiency does 
not change with surface roughness as long as the electrolyte is 
sufficiently pure.
Zinc deposited on smooth zinc cathodes tends to retain a more 
favorable structure and macromorphology, which is less sensitive to the 
effects caused by antimony and nickel. Glue helps to counteract the 
effect of the impurities; however, its presence in the electrolyte at 
certain combinations with other additives produces an increase in 
surface roughness and a dramatic decrease in current efficiency.
A definite relationship was observed between the data obtained by 
cyclic voltammetry and the long time current efficiency tests and the 
experimental results have shown that surface macromorphology plays an 
important role in the interpretation of the impurity effects.
2
1. Introduction.
During the electrowinning of zinc, a major technical effort is made 
to obtain a high current efficiency, as well as to produce a smooth and 
level deposit. To minimize current efficiency reductions, extensive 
electrolyte purification is required, which decreases the concentration 
of certain harmful impurities such as copper, cadmium, nickel, cobalt, 
germanium, arsenic and antimony to acceptable levels. A current 
efficiency in the range of 90 %, over operating times to 72 hours is 
desirable. In addition, the deposit is required to be compact, smooth 
and free of dendrites, which prevents shorting between electrodes and 
minimizes entrapment of electrolyte. It is not uncommon, however, for 
cathode electrocrystallization to vary at times, resulting in deposits 
which are not of uniform morphology.
To improve the reproducibility and physical characteristics of the 
deposit, additions such as glue and inorganic salts are often added to 
the electrolyte. Such reagents can assist in deposit growth control but 
often complicate the solution chemistry and make maintenance of the 
electrolyte composition more difficult.
Due to the dramatic effect that impurities can have, even when 
present on the order of parts per billion, numerous studies have been 
conducted in an attempt to gain a better understanding of the mechanisms 
responsible for their actions [1-6]. Research over the years has focused 
on evaluating the level of various impurities that could be tolerated 
without adverse changes in current efficiency. Thus, the quality of the 
electrolyte has always been recognized as one of the most critical
3
features in optimizing the zinc electrowinning process.
A recent advance in the area of impurity control and the 
maintenance of proper electrolyte balance was made with the developments 
of electrochemical monitoring of zinc solutions [7]. These advances have 
led to a better understanding of the polarization changes which occur 
when additives and impurities are present in the electrolyte and such 
knowledge has been applied with very positive results. As with any such 
tests, certain conditions must be met, and the need to first optimize 
the electrowinning conditions before attempting to use dynamic 
electrochemical evaluations was addressed by Adcock et al. [8], They 
also examined the role of the crystal orientation in the zinc cathodes 
with particular structures, as determined by X-ray diffraction being 
identified as having positive or negative effects on current efficiency.
Even with these major degrees of progress being attained, a truly 
fundamental understanding of the electrolytic zinc process has not been 
developed sufficiently to allow for the level of control often desired 
for industrial practice. The individual effects of various impurities 
and their interactions with additives have been characterized in terms 
of the current efficiency, the morphology of the deposit and the crystal 
preferred orientation in numerous studies [9,10,11]. However, in almost 
all cases the experiments were designed to resemble operating practice, 
namely using aluminum blanks and initiating deposition from electrolytes 
containing the impurities and additives to be evaluated. The solution 
chemistry then dictated nucleation and growth, making 
electrocrystallization a dependent variable. The results, such as 
current efficiency, are then a function of the electrolyte employed,
4
thus making it difficult, if not impossible, to obtain a range of 
differing zinc structures and morphologies for a given electrolyte with 
a fixed chemical composition. With this approach, morphology is accepted 
as a potential cause rather than viewing it as an effect. The 
micromorphology of the deposits seems to follow a pattern depending on 
solution chemistry but macromorphology might be affected by operating 
conditions as well.
One major modification employed in this research, compared with the 
more conventional approach, was to start with different cathode 
substrates. The starting cathodes included industrially, as-deposited 
zinc surfaces of various surface roughness, as well as mechanically 
smoothed zinc and aluminum. The use of different substrate 
macromorphologies in the experiments allows a partially independent 
study of the electrode - electrolyte interaction to be performed. The 
results were also analyzed using cyclic voltammetry measurements to
evaluate the electrochemical deposition characteristics, and attempts
«
were made to correlate the polarization changes with experimental 
results.
An incubation time has been reported for impurities, such as nickel 
[1], before a decreased current efficiency is noticed. One additional 
portion of this research was designed to determine if the time 
dependency was related to the substrate. If so, then the possibility 
exists of prolonging the incubation time before decreased current 
efficiency is obtained simply by improving the deposit morphology.
Partially because of the lack of a fundamental theory of the zinc 
electrocrystallization process, little effort has been directed to
5
studying influences such as the role of the zinc surface on the cathodic 
reactions occurring. The object of this work then was to investigate the 
effect of cathode surface macromorphology, or degree of roughness, on 
current efficiency. The impact of this variable on zinc deposition at 
various temperatures, sulfuric acid, antimony, nickel and glue 




Industrial, neutral, purified zinc sulfate electrolytes used in the 
research were obtained from Amax Zinc, Sauget, Illinois and Cominco 
Ltd., Trail, B.C., Canada. The chemical analyses appear in Table I.
A 10 mg/1 antimony (III) stock solution was prepared by dissolving 
antimony-potassium tartrate (KCSbOK^H^O^HgO) in deionized water. A 
stock solution of nickel was prepared by dissolving nickelous sulfate in 
deionized water to a concentration of 1 g/1 Ni(II). Solid pearl glue, 
provided by Cominco Ltd., was used to prepare a stock solution by 
dissolving glue in deionized water to a concentration of 1 g/1. Glue 
solutions were refrigerated to minimize degradation, but a new stock 
solution was periodically made to insure uniform activity.
A test solution was prepared by acidifying the neutral electrolyte 
with reagent grade sulfuric acid and adding water to give a desired zinc 
and sulfuric acid concentration. To study the effect of additives, the 
required amounts were added from the respective stock solutions.
2.2. Cyclic voltammetry.
The cyclic voltammetry experiments were conducted in a Pyrex "H"
cell. The system consisted of an aluminum working electrode (cathode 
2area = 1 cm ), a titanium/manganese dioxide counter electrode and a 
mercurous sulfate (Hg/Hg2S01(/200 g/1 HgSO^) reference electrode with $ 
constant potential of +0.667 volts versus the standard hydrogen 
electrode (SHE). The cell was kept in a controlled temperature water
7
bath. A Petrolite Potentiodyne Analyzer (Model M-4100) was used to 
generate the cyclic voltammograms, which were recorded as log current 
versus potential plots. The experimental setup has been described 
previously [12].
The working electrodes were prepared by wet polishing with 600 grit 
SiC paper. After polishing, the electrodes were cleaned with deionized 
water in an ultrasonic cleaner, rinsed with deionized water and dried 
with hot air. The electrodes were then placed in the "H" cell and 
allowed to come to the test temperature for 5 minutes before beginning 
each experiment.
The voltammograms were obtained by scanning at a rate of 0.5 mV/sec
from -0.633 volts (vs. SHE) in a cathodic direction, until a current
2density of 50 mA/cm was reached. At this point, the potential was held 
for 1 minute, then the scan direction was reversed and driven to a more 
anodic potential. During the anodic sweep, the scan was stopped and the 
zinc deposit was potentiostated for various times at several potentials 
in the low current density cathodic region. The anodic sweep was 
restarted and driven to the original starting potential.
2.3. Current efficiency determinations.
The 500 ml. glass beaker cells were immersed in a constant 
temperature water bath, and the current was kept constant using an HP 
6248a power supply. An ammeter (Keithley Model 6420) and an ampere-time 
meter (Pulso Model 20) were used to provide the necessary coulombic 
data.
Test solutions were prepared from neutral electrolyte, adding
8
sulfuric acid, in the range of 150-250 g/1 , and deionized water to 
obtain a 50 g/1 zinc solution. Impurities and the organic agent added 
from stock solutions, were tested at 0-0.060 mg/1 antimony (III), 0-30 
mg/1 nickel (II) and 0-50 mg/1 glue.
Unless otherwise specified, the electrolyses were carried out at 
35°C and 50 mA/cm2 (current density) for a period of 12 hours. The 
cathode area (zinc and aluminum) was kept submerged 1.5 cm. under the 
solution line to avoid possible effects of the air - solution line on 
current efficiency. A lead-silver alloy provided by Cominco Ltd. was 
used as anode material, and they were stored in deionized water between 
tests.
Cathodes, made of aluminum or industrially deposited zinc, and 
anodes were attached to Plexiglass holders to maintain a fixed distance 
between the electrodes (2.5 cm.). When smooth zinc was needed, 
electrodeposited zinc obtained from National Zinc, Bartlesville, 
Oklahoma and Amax, Sauget, Illinois was machined by milling to the 
desired size and smoothness. Electroplaters' tape (3M) number 865 was 
used to insulate any areas where plating was not desired. Aluminum 
cathodes were cut from 3003 aluminum sheets. Again, the proper area was 
surrounded by the mordant Scotch tape to avoid deposition.
The smooth zinc and aluminum cathodes were prepared by polishing 
with 240 grit SiC paper and then with 600 grit paper, rinsing with 
deionized water, followed by ultrasonic cleaning with deionized water. 
Subsequently, the cathodes were rinsed with water and dried with air.
In order to study the influence of surface morphology on the 
electrodeposition, pieces of industrial, electrodeposited zinc cathodes
9
presenting diverse degrees of surface roughness were chosen as initial 
substrates in most of the experiments. In the development of this 
research, an arbitrary and qualitative scale was chosen to define the 
degree of roughness of the samples. Scanning electron microscopy (SEM) 
was used to evaluate the geometrical dimensions and the surface 
morphology of the deposits. Appendix A shows micrographs of the types of 
roughness.
Relatively flat samples with only slight roughness were designated 
"roughness 1", with higher numbers (2 and 3) defining rougher deposits. 
The base to compare the type of roughness was defined as "smooth zinc", 
obtained by milling and then polishing with 600 grit SiC paper. The 
polishing marks on the electrode surface were oriented perpendicular to 
the solution surface during electrolysis.
"Roughness 1" presented a uniformly distributed deposit with no 
nodular protrusions, while "roughness 2" had small, randomly located 
nodules over the surface. "Roughness 3" was chosen from zinc deposits 
containing definite dendritic growth. The dendrites had grown about 0.1 
to 0.15 cm. outward from the average surface formed by the base zinc 
cathode.
Rough zinc samples were prepared by dipping in acetone for 10 
minutes, rinsing with fresh acetone, and drying with air. Then, samples 
were dipped in 200 g/ 1  f^SO^ solution for 10 seconds, rinsed with 
deionized water, cleaned in water ultrasonically, rinsed again and dried 
with air. This procedure was adopted because untreated or freshly washed 
zinc did not give satisfactory reproducibility.
After electrolysis, the cathodes were rinsed with water, dried with
10
hot air and weighed. Current efficiency was calculated by comparing the 
theoretical weight for the given period of time with the actual weight 
that had been deposited.
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3. Results and Discussion.
As indicated, the research was designed to determine the effect of 
surface morphology, particularly macroscopic roughness, on zinc current 
efficiency. Temperature, acid concentration and the additives nickel, 
antimony, glue, and their combinations were chosen as the process 
variables to be evaluated in conjunction with surface condition.
3.1. Addition-free electrolyte.
In order to test the quality of the solutions used in the 
experiments, several current efficiency tests were performed using 
smooth zinc, "roughness 3" zinc and aluminum as starting substrates. 
Current efficiencies of about 9055 were obtained for both Amax and 
Cominco electrolytes containing 150 to 250 g/1 regardless of the
substrate used. These results indicated that the surface roughness did 
not affect current efficiency as long as the electrolyte was 
sufficiently pure.
3.2. Nickel.
The effect of nickel additions on current efficiency, using 600 
grit smooth zinc, "roughness 3" zinc, and 600 grit polished aluminum as 
cathode substrates, is shown in Figure 1. The deposits on smooth zinc 
remained compact and smooth during the 12 hour depositions, and good 
current efficiencies were obtained, even at nickel levels as high as 30 
mg/1. Small pits were observed and unevenness was only noted at the 
edges of the deposit. The addition of nickel to the electrolytes did not
12
produce a significant increase in the surface roughness of the cathodes.
In contrast with the high nickel level tolerated by smooth zinc 
cathodes, rough zinc substrates showed nickel attack at short deposition 
times and at low concentration of the impurity. Dissolution of the zinc 
with high hydrogen evolution was present in all the tests for a nickel 
content higher than 2 parts per million.
Table II shows the dramatic effect that variations in surface 
conditions can have when the acid concentration is changed from 150 to 
250 g/1 in an electrolyte with a 5 mg/1 nickel content. Two patterns 
clearly emerge from these data. First, the current efficiency is much 
worse for rough deposits when impurities such as nickel are present; and 
certain chemical parameters, such as acid strength, can magnify the 
condition. The second is more subtle and less recognized, but shows that 
if the zinc smoothness can be maintained, even high impurity levels at 
harsh operating conditions can be tolerated.
Aluminum substrates gave intermediate results between those of 
rough and smooth zinc cathodes. The attack by nickel of the zinc 
deposited on aluminum substrates was similar to the localized attack 
observed on rough electrodes. The level of nickel required to produce 
the attack was substantially higher (about 15 mg/1 Ni(II)) than the 
level normally found in plant electrolytes. The edges of the deposits 
made on aluminum substrates were rougher and more zinc deposited here 
than in similar experiments performed on smooth zinc substrates. The 
higher amount of zinc at the edges of the aluminum electrodes indicated 
that the current density distribution was affected by the substrate. The 
problem of abnormal growth at the edges of the cathodes is normally
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alleviated with an appropriate design of the anodes. However, the 
influence that the aluminum blank, and the anode and sludge formation 
may have in the development of the morphology of the deposit still must 
be investigated.
Deposition on aluminum from a high nickel-containing electrolyte 
was cyclic in nature, with the zinc deposit eventually dissolving to 
yield a zinc-free substrate. Once this occurred, a new cycle started and 
zinc began to redeposit.
Figure 2 shows that the addition of 20 mg/1 Ni(II) to the 
electrolyte produced localized attack, initiated at the rough edges. The 
current efficiency drop may not occur if the initiation of the attack is 
delayed by keeping the entire surface of the electrode smooth. The 
attack by nickel was usually not uniform, but initiated in localized 
rough areas, with attack then continuing to emanate from this point. It 
was not possible to reverse this mode of dissolution once it had 
started. The attack by nickel on rough zinc cathodes also continued 
dissolving the initial substrate. The attack due to nickel was very 
distinctive, being localized and starting where the deposit was rough, 
particularly at edges. This illustrated the susceptibility of surface 
irregularities to the nucleation of attack by impurities such as nickel. 
As mentioned before, the cathode area was kept submerged below the 
solution line to avoid the effect of the air-solution interface. 
Experiments keeping the upper part of the area at the air-solution line 
level showed a high dissolution of the deposit in that area. Previous 
research [13] has shown that the problem of severe solution-level 




Experiments similar to those described for nickel additions were 
made with antimony, using starting cathode surfaces of varying surface 
roughness. On a smooth zinc cathode, a 93.6% current efficiency was 
obtained from Amax II, addition-free electrolyte. When the concentration 
of antimony was increased by 40 parts per billion, a decrease in current 
efficiency of about 3% occurred for 12 hour deposition times. Under 
comparable deposition conditions, the same amount of impurity is more 
detrimental if the starting surface is rough. Using "roughness 3" zinc 
electrodes, an 88$ current efficiency was obtained.
Figure 3 shows the zinc morphology obtained when 0.040 mg/1 Sb(IIl) 
was added to the electrolyte, using a smooth zinc cathode. Antimony 
caused uniform attack and the deposit became rougher and pitted with 
time. The predominant crystal orientation was (002) for these deposits, 
as has been reported previously [2,5]. Studies have shown that antimony 
depolarizes the electrode, increases hydrogen evolution and decreases 
the current efficiency [14], It should now be noted that the deposits 
were roughened by dissolution caused by antimony. For all of these 
reasons, the presence of antimony in the electrolytes is not desirable, 
but the effect can apparently be modified to some degree by the 
morphology of the cathode, but to a lesser degree than for nickel.
3.4. Antimony-glue.
Glue can be a beneficial additive to zinc electrolytes, for a
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number of reasons, but only if the correct amount is maintained. Either 
excess or deficient quantities can result in operating or efficiency 
problems. It has been reported that an excess of glue produces brittle 
cathodes or difficulties in the melting operations, while insufficient 
quantities may allow impurities, such as antimony, to prevail. To 
control and monitor reagent additions to the electrolyte, polarization 
measurements have been successfully used [1 5 ,16] to produce a "balanced 
solution" and optimum operating conditions.
The results of current efficiency tests conducted using 
electrolytes with 0.040 mg/ 1  antimony and glue from 5 to 20 mg/ 1  are 
shown in Figure 4. In the experiments using "roughness 3" zinc 
electrodes, current efficiencies were consistently, lower by about 3$> 
than those using smooth zinc cathodes. On smooth zinc, the efficiency 
was not only higher but less affected by glue variations. An optimum 
ratio of antimony to glue is still indicated by the curve maximum, thus 
illustrating the need to maintain a proper antimony-glue ratio or a 
chemically balanced electrolyte. However, the shift to lower current 
efficiency values with rougher zinc does indicate the role that deposit 
growth may have in the overall process.
Experiments varying the antimony content, at a constant level of 
glue of 10 mg/1 , produced similar results to those previously described 
(Figure 5). The similarity of Figures 4 and 5 illustrates that both 
additives are potentially harmful, and if an optimum antimony-glue 
combination exists, the current efficiency is a maximum. From Figure 5» 
it can be seen that at high antimony contents, the difference in current 
efficiency between smooth and rough deposits increased. This observation
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indicates that at higher antimony concentrations the effect becomes even 
more detrimental when using rough substrates.
Micrographs of deposits produced on initially smooth zinc cathodes 
are shown in Figures 6 and 7. The roughness increased with an increase 
of antimony concentration in solutions containing 10 mg/1 glue (Fig. 6), 
and the same effect was detected with additions of glue to solutions 
containing a fixed amount of antimony (Fig. 7). The samples in Figure 7 
show a high deterioration of the deposits.
Results of tests made from the Amax II electrolyte with additions 
of O.OM mg/1 antimony and 5 mg/1 glue are shown in Table III. The higher 
temperatures decreased the current efficiency for the same type of 
substrate, but the relative decrease was greater with increasing zinc 
roughness. If acid and temperature were increased simultaneously, higher 
variations in the efficiency were observed again, with roughness causing 
major differences. Similar trends were obtained using either National 
Zinc or Amax Zinc substrates.
These results indicate that, in order to obtain optimum current 
efficiencies, it is necessary not only a good balance between impurities 
and organic reagents in the electrolyte, but also to minimize the 
roughness of the deposits.
3.5. Antimony-nickel.
Experiments were conducted using combinations of 0.0M0 mg/1 of Sb+  ̂
+2and Ni in the range of 0 to 5 mg/1 in the electrolyte. The solutions 
were tested using "roughness 1" zinc and "roughness 3" zinc electrodes 
and the 12 hour current efficiency results are summarized in Figure 8.
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The solution containing O.OMO mg/1 Sb+  ̂ produced a current efficiency 
lower than 90?, using "roughness 1" zinc electrodes, and additions of up 
to 5 mg/1 nickel did not change the current efficiency significantly. 
"Roughness 3" zinc did not produce good current efficiencies, and 
practically any antimony-nickel combination reduced the efficiency to 
undesirable values. It was observed that the zinc dissolution started, 
and continued mainly, between the dendrites. The samples showed both 
uniform and localized attack. These results once again show that smooth 
and level zinc electrodes are more resistant to attack of impurities and 
that deposition from solutions containing a rather high level of 
impurities might yield high efficiencies as long as the zinc is 
sufficiently smooth.
On rough deposits, due to the presence of the low current density 
regions, antimony maintains its surface activity. Antimony produces a 
continuous exposure of the nickel sites, which in turn causes a strong 
localized depolarization. This phenomenon, once initiated may not be 
counteracted. For antimony-nickel combinations, synergism was observed 
only in rough areas of the deposits, which indicates that synergism 
occurs at the low current density regions on the surface of the 
electrode and that synergism may not occur if the surface of the cathode 
remains smooth.
3.6. Antimony-nickel-glue.
A test using smooth zinc cathodes was made from solutions 
containing 0.0M0 mg/1 Sb+  ̂+ 10 mg/1 glue, and variable nickel addition. 
The addition of glue to the electrolyte, as shown in Figure 8, improved
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the efficiency with respect to the antimony addition only, but the
presence of glue and the addition of nickel to the solutions caused a
+2detrimental effect at levels higher than 3 mg/1 Ni
+8 +2The combined effect of 0.040 mg/1 Sb + 1 mg/1 Ni + 10 mg/1 glue 
produced a rather level deposit, with roughness comparable to that of 
"roughness 1" Zn. However, deposits produced from solutions containing 
higher amounts of nickel showed an increase in surface roughness, 
causing an increase in zinc dissolution to occur. At 5 mg/1 nickel, the 
deposit obtained on smooth zinc from the electrolyte containing glue was 
rougher than the deposit on "roughness 1" zinc without glue additions. 
Glue helps to counteract the impurities; however, its presence at 
certain combinations with other additives can produce an increase in 
roughness. Thus any operating conditions that are prone to cause low 
current density may affect current efficiency and could be detrimental.
3.7. Cyclic voltammetry.
The solutions were characterized using cyclic voltammetry, with 
particular emphasis given to the lower current density regions. With 
this technique, the reactions initiated by additives or impurities, such 
as the reduction of impurity ions and subsequent hydrogen evolution on 
the deposited metal, were detected. Figure 9 shows the polarization 
curve for a solution of 50 g/1 zinc and 150 g/1 sulfuric acid containing 
5 mg/1 nickel.
The effect of nickel additions to the electrolytes on the cyclic 
voltammograms of zinc sulfate solutions has already been discussed 
[17,18], and the reactions occurring at the characteristic portions of
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the polarization curve have been explained by Wang et al. [19]. The
nickel present in the electrolyte leads to dissolution of the 
electrodeposited zinc, even at potentials where zinc is otherwise
cathodically protected.
The current rise (point A of Figure 9) measured at different
potentials is shown in Figure 10. The current rise indicated that a
strong depolarization occurred. At potentials more negative than -798 mV
2vs. SHE (equivalent to 10 mA/cm ), the current rise decreased and 
negative values close to those shown by the addition-free solutions were 
obtained.
The results shown in Figure 10 confirm the hypothesis that in the 
deposition of zinc, nickel activates secondary reactions in the low 
current density region. The negative current rise values obtained above 
-798 mV vs. SHE would indicate that the impurity is not active if it is 
possible to maintain a sufficiently high potential. Thus, keeping a high 
and homogeneous distribution of the current density over the electrode 
surface should be an effective way of avoiding the presence of areas 
where nickel could remain active and exposed, allowing for excessive 
hydrogen evolution.
The polarization effect of antimony was studied by monitoring the 
initial nucleation overpotential on aluminum and by potentiostating the 
deposited zinc in selected areas. Results have shown that the current 
rise at point A (Figure 9) increases by adding antimony to the 
addition-free electrolyte, as it does with additions of nickel. Antimony 
also depolarized the zinc-aluminum electrode reaction in the front sweep 
of the cyclic voltammogram.
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For the addition-free electrolyte a cathodic current increase of 
20.3 mA/cm was observed for the given test conditions, which agreed with 
data previously published [14], The addition of 0.04 mg/1 antimony to 
the electrolyte, for a holding time of 10 mim., produced a current rise 
of 9 mA/cm2 at -783 mV vs. SHE.
The current rise obtained at different potentials is shown in
2Figure 10. In the range of study (2 - 50 mA/cm ) the antimony current 
rise decreased asymptotically with a decrease in the potential, 
remaining positive at low potentials. This observation indicates that 
antimony depolarizes the electrode even at relatively negative or 
reducing potentials (or high current densities).
The difference between the nickel and antimony current rise 
indicates that these impurities act in a different manner during 
electrodeposition. The current rise value for nickel in the low current 
density region was twice that of antimony, at comparable current 
densities. However, at more negative potentials nickel gave a negative 
current rise while that for antimony remained positive. When nickel is 
not an active impurity, the hydrogen evolution is comparable to the 
evolution observed from an addition-free electrolyte. These findings are 
in agreement with the effect observed by the impurities during the 
electrolyses. Nickel initiated a localized attack in places with high 
roughness, while antimony produced a more uniform attack. Antimony 
caused an increase in hydrogen evolution during the electrolysis and 
roughened the deposit as well.
Glue also showed a positive current rise at low current densities 
(Figure 10), indicating that at low cathodic overpotentials hydrogen
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evolution can be increased by glue additions.
(5 mg/1 Ni + 0.04 mg/1 Sb + 10 mg/1 glue) in the Amax II 
electrolyte was also tested by cyclic voltammetry (at 35°C and 150 g/1 
sulfuric acid). The results showed that glue was not able to completely 
counteract the impurity effects. The high current rises in the low 
current density region would indicate that on rough deposits, low 
current efficiencies may be obtained at those impurity concentrations 
(Figure 10). On smooth zinc, current efficiency from the 5 mg/1 Ni +
0.04 mg/1 Sb containing electrolyte was higher (about 90$) than that 
from antimony-nickel-glue additions (63$). The electrolyte without glue 
addition produced smooth and compact deposits, however, the electrolyte 
with glue addition produced a rough deposit and dissolution of the zinc 
was observed in the rough areas. This information reveals that the 
cause of low current efficiencies at certain levels of impurities may be 
caused not only by the impurity effect but by the combination with the 
roughness of the deposit surface. Roughness can be increased by the 
presence of additives in the electrolyte, that in turn, increases the 
chances of the impurities to become active due to the formation of low 
current density regions.
Roughness evolution and dendritic growth are common problems in 
metal electrodeposition. Surface roughness can be produced by causes as 
varied as a nonuniform current distribution, the presence of impurities 
in the electrolyte or modifications to the basic solution chemistry, the 
operating parameters of the process, suspended particulates and solids, 
anode conditioning and performance, or any other of the features 
pertinent to zinc electrowinning. The number and types of these factors
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that are operative at any one time are subject to change depending on 
the operations. For example, the current distribution over the 
electrode surface is of great importance in electrodeposition because it 
determines the local variation in the thickness of the deposit. A 
non-uniform current distribution may cause dendritic growth, but could 
also produce a variation of the electrode potential and a different 
electrochemical reaction might occur, enhancing the formation of 
undesirable products and decreasing the efficiency of the process. In 
zinc electrowinning, variations in hydrogen evolution can result by this 
means from the cathode surface.
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4. Conclusions.
These studies have shown that surface roughness did affect current 
efficiency during zinc electrowinning, particularly when the electrolyte 
contained impurities such as nickel and antimony. Current efficiency was 
not changed by cathode morphology as long as the electrolyte was 
sufficiently pure. The addition-free electrolyte yielded current 
efficiencies higher than 90?, regardless of the stringent operating 
conditions, such as 250 g/1 in acid concentration. Since the efficiency 
can be affected by the substrate, both the electrolyte and the electrode 
could control the conditions responsible for the observed current 
efficiencies. Surface roughness appears to be an important factor 
particularly when the impurity and additive concentrations reach certain 
levels. Therefore, roughness or cathode surface should be considered as 
a basic parameter when evaluating impurity or additive effects.
Zinc deposited on smooth zinc cathodes tended to retain a more 
favorable structure and macromorphology, which was less sensitive to 
attack by antimony and nickel. Current efficiencies of about 90? were 
obtained on smooth Zn even when Ni levels reached 30 mg/1, while rough 
substrates showed the effect of nickel at much lower concentrations (> 2 
mg/1). Dissolution of the zinc deposited started at short deposition 
times and a characteristic nickel localized attack was observed. 
Experiments with electrolytes containing 5 mg/1 Ni(II) showed that 
substrates with higher roughness started dissolving earlier than 
smoother deposits. Also, the acid concentration had a strong impact on 
current efficiency, but was not as detrimental as the roughness effect.
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For the same roughness, higher nickel concentration decreased the time 
required for attack initiation. But, regardless of the nickel 
concentration, when the localized attack occurred, the rate of zinc 
dissolution was almost constant.
Depositions on aluminum substrates showed that the addition of 
nickel to the electrolyte produces localized attack, initiated at the 
rough edges. Lower current efficiency results were obtained on aluminum 
substrates than on smooth zinc at certain comparable impurity contents 
in the electrolyte. If the abnormal growth is eliminated, nickel 
concentrations as high as the level tested on smooth zinc substrates 
might be tolerated.
In rough deposits, the nickel activity was initiated in low current 
density areas, such as between dendrites. Similarly, nickel-containing 
electrolytes showed a high current rise only in the low current density 
region of the cyclic voltammograms. This observation indicates that any 
effort to decrease the current rise should lead to higher current 
efficiencies on rougher substrates. The same premise can be applied to 
the current rise produced by antimony additions. The incubation time for 
nickel and similar impurities, as shown by other authors [1], now seems 
to be related to the generation of roughness. The build up of impurities 
then is associated with localized regions in low current density areas, 
rather than their general increase over the entire surface. Therefore, 
the incubation period may be extended indefinitely if the surface is 
kept smooth. From the data obtained, it is possible to state that the 
nickel effect, as usually reported, is in fact the combination of 
effects produced by the nickel concentration and cathode roughness. If
25
either of these two parameters can be properly controlled, the current 
efficiency may be maintained at high levels for longer periods.
The results obtained from antimony-containing electrolytes using 
different substrates were also significant, but considerably less 
significant than for nickel. On smooth zinc, antimony caused uniform 
attack and a current efficiency of 91$ was obtained with additions of 
0.04 mg/1 Sb(III) to addition-free electrolyte. A decrease to 88$ was 
observed on rough substrates.
The addition of glue to counteract the antimony effect proved 
beneficial for current efficiency, as expected. However, for the same 
level of reagent additions, the current efficiency using initially rough 
substrate was consistently lower by about 3$ than those using smooth 
zinc substrates. The experiments with antimony-glue additions also 
showed that it is necessary not only to maintain a good balance between 
impurities and additives, but also to minimize the presence of roughness 
in the deposits.
In contrast with addition-free electrolytes, the current efficiency 
was more variable on rough surfaces and seems to be sensitive to the 
balance between glue and antimony. On rough cathodes, the potential 
distribution changes, causing uneven current density and where it is low 
the ratio between impurities and additives is altered. Due to possible 
mass transport differences, the concentration of various species near 
the cathode surface may also change with current density. At different 
current densities, the mechanisms (and the adsorption of the species) 
that make the species reach the cathode surface change the
impurity-additive ratio close to a particular site and the bulk
26
concentration of the additives in the electrolyte no longer controls the 
optimum balance of the species.
The analysis of the solution chemistry and polarization are clearly 
needed, but it may be that the balance is not necessarily constant for 
all surface conditions. The solution balance may change when roughness 
is present, as was observed from the current efficiency results obtained 
with antimony-glue and the antimony-nickel-glue additions. Antimony- 
nickel combinations produced smooth deposits and fairly good current 
efficiencies were obtained. However, the addition of glue to antimony- 
nickel containing electrolytes produced rougher deposits and a drop in 
current efficiency. Therefore, a more precise method to help in the 
control of zinc electrowinning operations might include not only the 
evaluation of impurities and additives but the surface structure or 
condition as well. Whereas a certain ratio of additive to impurity may 
be optimum in terms of chemical balance, care must be taken to insure 
that this combination does not induce roughening.
Excessive amounts of glue in the electrolyte have also been proven 
to be detrimental [15]. Even when glue increases polarization, it does 
not eliminate the current rise to levels comparable for addition free 
electrolytes. The glue used in this study does not appear to be a very 
effective additive in low current density zones, which might explain why 
rough substrates gave lower current efficiencies.
The tests described above have shown a definitive relationship 
between the changes in the cyclic voltammograms and the changes in long 
time current efficiency tests. Also, these preliminary tests performed 
to elucidate the effect of roughness on current efficiency have shown
27
that surface morphology plays an important role in the interpretation of 
impurity effects and may explain why differences in the effects of 
various impurities have been reported in the past.
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Table I
Analysis of Neutral Purified Solutions.
Amax Cominco
Batch I Batch II
Zn 159.0 163.0 157.0 (g/1)
Mn 2.5 2.7 2.0 (g/1)
Cd 0.9 1.0 0.7 (mg/1)
Sb < 0.05 < 0.05 < 0.05 (mg/1)
G6 < 0.01 < 0.02 (mg/1)
Co 0.22 0.2 0.15 (mg/1)
Ni 0.05 < 0.05 < 0.05 (mg/1)
Pb 1 .0 < 2.0 (mg/1)
Cl" 100.0 100.0 (mg/1)
F~ 2.4 10.0 (mg/1)
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Table II
Current Efficiencies Obtained from 
Industrial Amax Electrolyte (Batch I) 







Smooth Zn 150 89
Roughness 1 Zn 150 90
Roughness 3 Zn 150 -39
Smooth Zn 250 87
Roughness 1 Zn 250 -82
Roughness 3 Zn 250 -150
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Table III
Current Efficiencies Obtained From Industrial Amax 
Electrolyte (Batch II) Containing 0.04 mg/1











Nat. Zinc smooth Zn 150 35 92.6
Nat. Zinc roughness3 Zn 150 35 89.2
Nat. Zinc smooth Zn 250 45 87.1
Nat. Zinc roughness3 Zn 250 45 65.9
Amax Zinc roughness 1 Zn 225 40 90.5
Amax Zinc roughness3 Zn 225 40 87.8
Amax Zinc roughness 1 Zn 225 45 86.4
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Figure 1. Variations of current efficiency versus nickel concentration
on smooth zinc, aluminum and "roughness 3" zinc substrates. Solution: 50




Figure 2. Deposit obtained on aluminum substrate showing localized 




Figure 3. Deposit obtained on smooth zinc substrate showing uniform 
attack. Antimony = 0.04 mg/1. a) surface, b) SEM micrograph (X1000).
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m g/1 GLUE
Figure 4. Variation of current efficiency versus glue concentration on
smooth zinc and "roughness 3" zinc. Solution: 50 g/1 zinc, 150 g/1 HgSO^
Amax electrolyte + 0.04 mg/1 Sb(III). Temp = 35°C. Deposition time = 12
hours.
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Figure 5. Variation of current efficiency versus antimony concentration
on smooth zinc and "roughness 3" zinc. Solution: 50 g/1 zinc, 150 g/1
H2S0^ Amax II electrolyte + 10 mg/1 glue. Temp. = 35°C. Deposition time
12 hours.
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Figure 6. Zinc deposit obtained on smooth zinc from Amax II electrolyte 
with a) 0.02 mg/1 Sb(III) + 10 mg/1 glue, b) 0.06 mg/1 Sb(III) + 10 mg/1 
glue, c) SEM micrograph (X1000) 0.06 mg/1 Sb(III) + 10 mg/1 glue. T = 
35°C. Deposition time = 12 hours.
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Figure 7. Zinc deposit obtained on smooth zinc from Amax II electrolyte 
with a) 0.04 mg/1 Sb(III) + 10 mg/1 glue, b) 0.04 mg/1 Sb(III) + 20 mg/1 
glue, c) SEM micrograph (XI000) 0.04 mg/1 Sb(III) + 10 mg/1 glue. T =
35°C. Deposition time = 12 hours.
Figure 8. Current efficiency versus nickel concentration with and 
without glue additions. Solution: 50 g/1 zinc, 150 g/1 Amax II
electrolyte . "Roughness 1" zinc: without glue, "roughness 3" zinc:
















Figure 9. Voltammogram obtained for Amax II electrolyte with 5 mg/1 
nickel addition. Solution: 50 g/1 zinc and 150 g/1 HgSO^. T = 35°C. Scan
rate -0.5 mV/sec.
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Figure 10. Current density rise for samples potentiostated at selected 
potential values. Holding time «= 10 minutes. Solution: Amax II 
electrolyte, 50 g/1 zinc and 150 g/1 HgSO^. T = 35°C.
M3
COMPARISON OF SMOOTH AND ROUGH SURFACES ON ZINC ELECTROWINNING
Abstract
The influence of cathode surface roughness on the current 
efficiency obtained for electrowinning of zinc was determined. A 
statistical screening design program was conducted to determine the 
individual effects and interactions of temperature (35-M5°C), antimony 
(0.02-0.06 mg/1), nickel (1-5 mg/1), glue (5~15 mg/1) and acid 
concentrations (175-225 g/1) on current efficiency.
The current efficiency from the smooth deposits was consistently in 
the 88—90% range, while values from 40-86$ were obtained when the 
starting substrate was rough. Only when the most harsh conditions were 
employed there was a drop in current efficiency obtained on the smooth 
zinc.
For electrodes having rough surfaces, and within the range of the 
factor levels studied, the nickel concentration appears as the most 
important factor, followed by temperature and glue concentration. Smooth 
zinc cathodes are less susceptible to impurity attack while rough 
deposits give consistently lower current efficiencies than smooth zinc.
Under certain conditions, glue proved to be an important factor in 
influencing roughness evolution.
1. Introduction.
In the electrowinning of zinc, dendritic or irregular growth is 
undesirable because solution entrapment and short circuiting can result. 
Cathode purity and process current efficiency are then adversely 
affected to some degree. Recent studies have indicated that the 
condition of the zinc surface, in particular the relative degree of 
roughness, may also directly influence the electrochemical reactions and 
resulting current efficiency [1].
To date, most of the research on zinc deposition has concentrated 
on the role of solution purity and its control. Impurity removal by 
precipitation and cementation are the principal processes employed. The 
relatively low level of impurities that remain after purification is 
usually counteracted with various chemical additives in the electrolyte. 
This technology is very effective in most cases, but maintaining a 
consistently high level of efficiency is not always attained. Sometimes 
the causes are readily identifiable and may be due to process or 
operating upsets encountered in the flow stream. In many instances 
however, the reasons for low current efficiency are not so evident and 
considerable technical input is required to return the process to a 
satisfactory level. Even after the process is corrected, the exact 
reasons for poor results are often not clearly understood.
Cyclic voltammetry techniques are helpful in controlling zinc 
electrodeposition and monitoring the quality of the zinc solutions 
[2,3]. Additives have been successfully controlled by these means; 
however, in other situations cathode and anode characteristics, cell
design, and suspended solids may strongly influence the 
electrocrystallization. Since many of these factors cannot be detected 
by controlling the solution chemistry, additional research is needed to 
quantify their importance.
When many variables are of potential importance, a statistical 
design of experiments is useful in obtaining the relationships between 
controllable variables and observed responses. Once established, a 
quantitative expression relating the weighted effects of each variable 
on the process efficiency can be obtained.
The primary emphasis of the present research was to determine the 
effect of cathode surface roughness on the current efficiency, using the 
same electrolyte. The starting rough substrates were chosen from 
industrially as-deposited zinc surfaces. Smooth zinc was mechanically 
prepared from the back surface of the industrial cathodes. The solutions 
were prepared from an industrial, neutral, purified electrolyte. By 
means of statistically designed screening tests, the individual effects 
and interactions of temperature, antimony, nickel, glue, and acid
concentrations were determined.
2. Experimental details.
To determine the effects of surface roughness on current efficiency 
during zinc electrowinning, two identical sets of experiments were made. 
One used smooth zinc as the starting substrate, while rough zinc 
electrodes were used for the other.
The factors or variables studied included : the concentration of 
antimony, nickel, glue, and acid, plus the electrolyte temperature. The 
choice of factor levels was based on pre-screening tests and the ranges 
were made sufficiently wide to create detectable differences in current 
efficiencies, while not exceeding reasonable practical limits. The 
exception may be the nickel level, which is higher than normally 
encountered in practice. Each factor was defined at high, low, and 
intermediate values, as shown in Table I.
2.1 Screening design.
A screening design proposed by Plackett-Burman, [4], using a 
partial 2n factorial design plus centerpoints, was chosen to study the 
effect of selected process parameters on zinc current efficiency. This 
method of evaluation has been designed to detect second order effects 
(curvature and interaction), and to obtain a good estimate of the 
response error.
From the design, a mathematical model such as : Y=bQ+b^X^+....+bn + 
(overall curvature) + (interaction) can be proposed. In cases where 
interaction effects and overall curvature were statistically
significant, estimation of a second order model was necessary and the
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model equation was obtained applying a multivariable regression 
analysis•
In order to obtain an interaction or other multivariable 
relationships, data must be orthogonal, in other words, there can not be 
any significant correlation among the independent variables. To achieve 
orthogonality in the experiments, the value of each variable was 
centered around zero. With the variables organized orthogonally, their 
vectors and the products of their vectors both sum to zero [4]. 
Orthogonality is achieved with factorial designs because they cover all 
combinations of the factors. Table II shows an eight-run factorial 
design, as described by Murphy [5]. The minus (-) sign denotes the 
factor value at a low level and the plus ( + ) sign denotes the factor 
level value at high level.
For a given experiment, each row in the design defines the factor 
levels at which the test has to be run. In this particular design, seven 
variables were studied, and as five variables were chosen for the 
experiments, the two unassigned factors, termed the dummy factors, were 
available to evaluate interactions.
To estimate curvature and experimental error, three centerpoint 
runs were added to the factorial points. The test was randomized to 
eliminate systematic errors, and the centerpoints were evenly 
distributed over the experimental run order.
The estimates of a second order model were performed utilizing a 
statistical package provided by SAS Institute Inc. (SAS) for use in main 
frame computers. SAS procedures performed the regression analysis, which 
is the fitting of an equation to a set of values. The SAS program
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produced parameter estimates using the least-squares criterion, 
estimates of the variance, hypothesis tests about the parameters, and 
evaluation of the fit or lack of fit [6].
For the nonlinear model, the SAS-NLIN procedure, implemented with 
iterative methods, was used to find least-squares estimates. The model 
obtained was used to generate response contour lines of constant current 
efficiency.
2.2 Solution preparations.
Tests were conducted using industrial, neutral, purified 
electrolyte obtained from Amax Zinc Co., Sauget, Illinois. Table III 
shows the chemical analysis. Solutions were prepared by acidifying the 
neutral electrolyte with reagent grade sulfuric acid and adding 
deionized water to obtain a desired zinc and acid concentration.
For a given design run, the required amounts of additives were 
added from the respective stock solutions. Antimony (III) stock solution 
was prepared by dissolving antimony potassium tartrate 
(K(Sb0)C^Hjj0g*H20) in deionized water. Nickel stock solution was 
prepared from reagent nickelous sulfate and deionized water. Pearl glue 
provided by Cominco Ltd. Trail, Canada was used to prepare stock 
solution, which was refrigerated to minimize degradation.
2.3 Current efficiency determinations.
The current efficiency tests were conducted in 500 ml. glass beaker 
cells, immersed in a constant temperature water bath. The current was 
controlled by a HP 6248A power supply and measured on a Keithley ammeter
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(model 6420). An ampere-time meter (Pulso model 20) was also installed
in the circuit to register the necessary coulombic data.
2The electrolyses were conducted at 50 mA/cm and at temperatures in
the range 35°C to 45°C for a period of 12 hours. Test solutions
containing 50 g/1 zinc and sulfuric acid in the range 175-225 g/1, were
prepared from neutral purified industrial electrolyte. The impurities
and the organic agent added from stock solutions were tested at 0.020 -
0.040 mg/1 antimony(III), 1-3 mg/1 nickel(II), and 5-15 mg/1 glue.
Cathodes were made from industrial deposited zinc, obtained from
National Zinc, Bartlesville, Oklahoma and Amax Zinc Co., Sauget,
Illinois. As anode material, a lead-silver alloy, provided by Cominco
Ltd. was used and was kept in deionized water between tests, a procedure
that gave the most consistent results. Cathodes and anodes were attached
to Plexiglass holders to maintain a fixed distance between the
2electrodes. Cathodes, as shown in Figure 1, with 4 cm of electrode 
surface area, were prepared by milling, and the zone where plating was 
not desired was insulated with electroplaters' tape (3M) number 865. 
During electrolysis, the solution line was kept 1.5 cm. above the 
cathode deposition area, to avoid possible effects of the air-solution 
line on current efficiency.
Smooth zinc cathodes were prepared by polishing with 240 grit SiC 
paper and then with 600 grit paper, rinsing with deionized water, 
followed by cleaning with deionized water in an ultrasonic cleaner. 
Cathodes were once again rinsed with water and dried with air.
Rough zinc cathodes were chosen from zinc deposits containing 
dendritic growth. The dendrites had grown about 0.1 to 0.15 cm. outward
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from the average surface formed by the base zinc cathode. Rough zinc 
cathodes were dipped in acetone for 10 minutes, rinsed with fresh 
acetone, dried with air, dipped in a 200 g/1 HgSO^ solution for 10 
seconds, rinsed with deionized water, ultrasonically cleaned in water, 
rinsed again and dried with air. This procedure gave more reliable 
results than untreated and only washed zinc cathodes.
After electrolysis, the cathodes were rinsed with water, air dried, 
and weighed. Current efficiency calculations were made comparing the 
actual weight of the deposits with the theoretical weight, calculated 
from the coulombs of electricity recorded by the amp-time meter.
Scanning electron microscopy (SEM) was used to evaluate surface 
roughness and the morphology of the deposits. Figure 2 shows a 600 grit 
smooth zinc sample, and Figure 3. the nodular type representative of 
rough zinc used during this research.
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3. Results and Discussion.
3.1. Current efficiency tests.
The observed current efficiency responses for the 12 hour 
deposition tests are given in Table IV. A notable difference in the 
current efficiencies was obtained using the two different starting zinc 
substrates in electrolyte of identical quality. The rough deposits gave 
consistently lower current efficiencies than smooth zinc. Smooth zinc 
cathodes were less sensitive to factor level variations and current 
efficiencies were all between 88.5 and 92%, the only exception being the 
test performed with all variables at high levels (experiment number 8).
For smooth zinc cathodes, selected test replicates showed that 
experiment number 8 was very sensitive to the operating conditions 
which, replicated twice, gave current efficiencies which differed by 
85$. This sample roughened more than the other deposits during the 12 
hour tests, inferring that roughness created favorable conditions for 
impurity attack. A characteristic localized dissolution of the deposited 
zinc was observed, starting in zones of high roughness and propagating 
at a high rate from such sites. This characteristic phenomenon was more 
common in the rough zinc samples. For the smooth zinc deposit, if the 
roughening of the edges of the sample could be avoided, the current 
efficiency was high for all the tests.
3.2 Statistical design.
Analysis and calculations of statistically designed experiments 
are, in general, straightforward due to the nature of the designs. The
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assessment of the statistical significance of each factor can be 
performed from estimations of the response error, factor main-effects 
interaction, and overall curvature.
Factor effect calculations, and the estimate of the standard 
deviation (response error) are shown in Tables V and VI. A feature of 2n 
designs, known as hidden replication, is that the factor effect 
calculated from the screening design analysis represents the relative 
importance of the given factor, independent of the other factors. This 
factor effect is evaluated from the response values, as the summation of 
the responses at high level minus the summation of the responses at low 
level divided by half the number of factorial runs.
In the assessment of the significance of main effects, a confidence 
interval, which is the interval said to include the "true" effect at a 
stated confidence level, must be defined to establish the precision of 
the estimate. When the confidence interval does not include zero, it can 
be said that the effect is significant at the stated confidence level 
[4], Calculation of the confidence intervals, based on the 95% 
confidence level, is given in Table VII.
On smooth zinc, the evaluation of the factor main-effects showed 
that all variables are significant. The data would indicate that 
interaction between variables is the predominant effect. As this 
particular design did not provide further information, the statistical 
analysis was only applied to the rough zinc tests.
For the rough surface deposits, and within the range of factor 
levels studied, the nickel concentration appears as the most important 
factor followed by temperature and glue concentration. Antimony, acid
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concentrations and the dummy factors representing the interaction 
antimony-temperature and antimony-glue estimates were not found 
statistically significant within the factor levels studied.
The fact that antimony was not significant in the rough electrode 
tests could be attributed to the glue concentration. Apparently glue was 
in excess of that required to counteract the antimony effect, as might 
be inferred from the data obtained. In the case of the acid 
concentration, its statistical nonsignificance may be due to the strong 
influence presented by the other factors and to the fact that the acid 
range can be considered high (175 g/1 to 225 g/1) at all levels.
Overall curvature was estimated as the difference between the 
average response of the center points and the average response of the 
design points. To evaluate if the design deviated from a linear model, a 
confidence interval on curvature was obtained. Table VIII shows the 
calculations of the curvature effect for the rough zinc design. At 95% 
of confidence level, the confidence interval on curvature (for the rough 
zinc electrodes) was 7.5 ± 7.3» a value which is statistically 
significant.
3.3 Non-linear regression.
The application of a more elaborate nonlinear regression program to 
evaluate the mathematical model was required. The regression method, 
used to estimate the parameters, minimized the sum of the squares of the 
differences between the actual response value and the value predicted by 
the equation. The least-squared estimates and the criterion value, 
called the sum of squares error (SSE), can be calculated by:
54
SSE={Y.-F(X1 ,X2....Xn)}̂
The function F(X) chosen for the non linear regression model was:
F(X) = bQ + b2X2 + b3X3 + b^X^ +
t.2 2 x2 2  * b3 3 x3 2  * b ^ X , 2
where bQ, b2....... b^, the parameters of the function F(X), are the
values that minimize SSE, and X2 represents the nickel concentration 
(mg/1), X3 the glue concentration (mg/1), and X^ the temperature in °C.
A discussion about least-squares estimation and selection of 
regression models was found in Draper and Smith [5]. From the available 
methods in the SAS-NLIN procedure, the Marquardt iterative method was 
selected. This method involved regressing the residual on the partial 
derivatives of the model with respect to the parameters until the 
iterations converge. For the electrodes with rough surfaces, and using 
the nonlinear regression model, the coefficients of function SSE were 
obtained. The results are shown in Table IX.
3.4 Contour lines of constant current efficiency.
Figures 4-6 show contour lines representative of constant current 
efficiency. These figures were obtained using the mathematical model 
prepared from the rough electrode data. For the rough zinc deposits, the 
effect of nickel and glue additions on current efficiency can be seen in 
Figure 4. To obtain Figure 4, the temperature was kept constant at a 
center point value of 40°C. Figure 5 is a representation of the 
glue-temperature effects, with nickel maintained at 2 mg/1. For the data 
of Figure 6, for temperature-nickel combinations, the glue was
maintained at 10 mg/1.
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These figures show predictable results with respect to the effect 
that an increment in nickel concentration and temperature may have on 
current efficiency. However, the addition of glue to the electrolyte 
also caused a significant decrease of the current efficiency. Figure 4 
shows that for an increase in nickel concentration, the amount of glue 
in the electrolyte must be decreased to keep a certain current 
efficiency value. The same information can be obtained from Figure 5. 
The combination glue-temperature plot shows that to maintain a current 
efficiency near to 90?, the temperature must not exceed 37°C and the 
glue concentration in the electrolyte must not surpass about 8.5 mg/1. 
In a similar way, Figure 6 shows that the high current efficiency range 
is very narrow for the test conditions.
The negative effect that glue additions had on the current 
efficiency, was attributed to an increase in the surface roughness of 
the deposits. In fact, this observation was verified in a separate 
experiment. In six hour current efficiency tests, two smooth zinc 
samples were tested using Amax electrolyte containing 0.04 mg/1 Sb(III), 
5 mg/1 Ni(II). One solution was prepared without glue, and the other 
with a 15 mg/1 glue addition. Figure 6 shows that the addition of glue 
increases the surface roughness. The deposit obtained without a glue 
addition is smooth, with small pits probably produced by antimony. In 
Figure 7b, it can be seen that the presence of glue in the solution led 
to an increase in roughness and to a severe dissolution of the deposited 
zinc.
The results indicate that if roughness evolves during the 
electrodeposition, or is present initially due to imperfections on the
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cathode surface, current efficiency is more likely to be low. By keeping 
a smooth surface deposit during electrolyses, the impurity effects are 
less detrimental and high current efficiencies may be obtained.
3.5 Roughness distribution on smooth zinc.
An additional analysis was performed on the 12 hour deposits 
obtained on the initially smooth zinc cathodes. Surface roughness of the 
cross-sectioned samples was evaluated by scanning electron microscopy, 
and an arbitrary scale was chosen to define the degree of roughness. 
Four levels of roughness were defined. The samples were categorized by 
an arbitrary roughness number, and the roughness evolution was 
correlated with the operating conditions. Once again, from Table X, glue 
is the most important factor influencing roughness evolution, followed 
by antimony, and antimony-glue combinations. Nickel does not appear to 
alter the surface morphology, even at the high levels of nickel studied.
The rough surface appears to enhance both zinc dissolution and 
hydrogen evolution. These reactions occur more easily if a low hydrogen 
overpotential impurity, such as nickel, is present on the zinc surface 
due to the formation of a local cell.
When zinc is electrodeposited from a electrolytic bath, the current 
applied drives the zinc reaction toward formation of zinc metal, but the 
hydrogen competing reaction is present during the entire electrolysis.
The rate of the reactions will depend upon several factors. If an 
impurity is present in the electrolyte and is deposited on the zinc 
surface and remains exposed, the site becomes a cathode for a local 
cell, producing an increase in hydrogen evolution. In cases where the
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zinc deposition rate is high enough to continually cover the impurity 
site, due to a high polarization, the impurity activity is decreased and 
it will not contribute significantly. If the impurity is allowed to 
segregate, such as may occur at low points or valleys in a rough area, 
or at inaccessible locations, such as microprofiles, the impurity 
becomes active because the low current density cannot deposit sufficient 
zinc to counteract the impurity effect. In those locations, new amounts 
of impurity may preferentially deposit in the site or agglomerate due to 
localized zinc dissolution, increasing its effect and the rate of 
hydrogen evolution.
Hydrogen itself can also affect the behavior of the system. Even 
when the hydrogen evolution, as a competing reaction with zinc 
deposition, is not desired, its evolution may enhance mass transfer and 
also may increase the impurity concentration near the cathode. When 
hydrogen evolves and adheres to the surface of the cathode, a phenomenon 
always present in rough deposits, hydrogen bubbles interrupt the current 
flow beneath the bubble sites, favoring zinc attack by the acidic 
solution, and zinc may dissolve. The dissolution of zinc would produce 
an increase in hydrogen evolution by this blocking effect, and it can be 
inferred that the nature of the hydrogen gas can cause localized 
increases in the evolution rate. The dissolution of zinc may uncover 
impurities deposited in an early stage of the electrolysis, increasing 
the amount of the active impurity. The effects of the adherence of 




The surface roughness effect in zinc electrowinning was studied, 
and a definite correlation has been shown to exist between the electrode 
surface roughness and current efficiency. Smooth zinc deposits showed 
higher current efficiencies and less tendency to dissolve than rough 
zinc deposits. Impurities, such as nickel and antimony, were more 
detrimental if the deposition was made on a rough surface electrode than 
on a smooth surface zinc electrode. Solutions containing organic 
additives, such as glue, can counteract the effect of inorganic 
impurities, but in cases where the metal is electrodeposited on a rough 
surface, this balancing effect might be no longer effective for 
maintaining a high current efficiency. Also, the addition of glue was 
not as effective as expected for certain process conditions. In certain 
instances, glue increases surface roughness and decreases current 
efficiency. This observation suggests a need for better additives to 
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Table I
Variables and Their Levels in the Screening Design
Variable Low Factor Level High
Center
Sb+  ̂Cone. 0.02 mg/1
Nickel Cone. 1 mg/1
Glue Cone. 5 mg/1
Temperature 35 °C
Acid Cone. 175 g/1
Dummy
Dummy
0.03 mg/1 r̂oo mg/1
3 mg/1 5 mg/1
10 mg/1 15 mg/1
40 °C 45 °C
200 g/1 225 g/1
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Sb < 0.05 (mg/1)
Ge < 0.01 (mg/1)
Co 0.2 (mg/1)
Ni < 0.05 (mg/1)






Design Point Current Efficiency Response %
Rough Zinc Smooth Zinc Rough-Smooth
# Difference
1 76.7 91 .2 14.5
2 74.3 88.5 14.2
3 86.6 88.5 1.9
4 86.3 90.5 4.2
5 84.4 90.9 6.5
6 85.6 89.9 4.3
7 40.9 92.2 51 .3
8 42.5 13.0 -29.5
center point 83.4 90.9
center point 75.2 91.2
center point 81 .7 90.9
center point: 0.030 mg/1 Sb, 
40°C, 200 g/1 sulfuric acid.
2 mg/1 Ni, 10 mg/1 glue,
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l - 288.6 342.9 321 .0 323.9 289.5 285.9 287.4
<$> 0.1 -108.5 -64.7 -70.5 -1 .7 5.5 2.5
f 0.0 -27.1 -16.2 -17.6 -0.4 1.4 0.6
£+: summation of responses at high value levels, 
summation of responses at low value levels.
$ : (1+) - (I-)
f : Factor effect of
f= $ / (number of factorial runs/2)
Center point average: 79.7
Standard deviation : 3.2
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Factor Effect Calculations for 
Smooth Zinc Electrodes
Table ¥1
X, x„ X„ x„ X,. X, X^1 2 3 4 5 6 7
b 281.9 281*.9 284.2 286.0 280.9 282.6 285.6
b 362.8 359.8 360.5 358.7 363.8 362.1 359.1
$ -80.9 -71*.9 -76.3 -72.7 -82.9 -79.5 -73.5
f -20.2 -18.7 -19.1 -18.2 -20.7 -19.9 -18.4
b : summation of responses at high value levels.
summation of iresponses at low value levels.
$ : ( b )  - (I-)
f : Factor effect of X.
f= $ / (number of factorial runs/2)
Center point average: 90.9
Standard deviation : 0.173
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Table VII
Factor Effect Intervals at 95% Confidence Limit
Variable Rough Electrodes Smooth Electrodes
X1 Antimony 0.03 + 9.74 -20.2 ± 0.53
X2 Nickel -27.13 ± 9.74a -18.7 ± 0.53
x3 Glue -16.18 ± 9.7 4a -19.1 + 0.53
X4 Temperature -17.63 + 9.74a -18.2 ± 0.53
X5 Acid cone. -0.43 ± 9.74 -20.7 ± 0.53
X6 Dummy 1.38 + 9.74 -19.9 ± 0.53
X7 Dummy 0.63 + 9.74 -18.4 ± 0.53
Denotes factor effects which are statistically significant at 95 
% confidence level.
Confidence interval = factor effect ± ts//(N/4) at 95% confidence 
limit and v=2, t=4.303, where t is the student's t variable, N is the 
number of design point runs (eight), s is the standard deviation from 
center points, and v is the degrees of freedom.
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Table VIII
Estimation of Curvature Effects
Hough electrodes Smooth electrodes
Center point average 79.9
Design point average 72.2
Curvature effect a 7.5
Confidence interval b 7.3
(at 95 % confidence level)
Curvature effect = center point average - design point average.
13 Confidence interval * curvature effect ± ts/(1/N+1/C) where t is 
the student's t variable, s is the standard deviation, N is the number 
of design point runs, and C is the number of center-point runs.
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Table IX
Non-Linear Regression Model 
for Rough Zinc Electrodes
Y - B0 + B2«X2
* B22*<X2>2
+ B3*x3 + V X4 










Roughness Distribution for Smooth Zinc Samples
8
8
Run # 1 2 3 4 5 6 7
Roughness
Distribution 2 4 4 8 4 2 6
Factor Effect Intervals for Roughness Distribution on 
Smooth Zinc Cathodes at 95$ Confidence Limit
Variable Factor Effect Intervals
Antimony -1 .54 to 4.,54
Nickel -2 .54 to 3..54
Glue 0.46 to 6.,54
Temperature -2 .54 to 3..54
Acid concentration -2 .54 to 3>.54
Antimony-Temperature -4 .54 to 1.54
Antimony-Glue -1 .54 to 4.54
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Figure 1. Industrially deposited zinc. Rough zinc: a) as received, b)
after milling and insulated with electroplaters' tape (3M). Smooth zinc:
c) as received, d) after milling, polishing down to 600 grit and
insulated with electroplaters' tape (3M). Electrode surface area = M 
2cm .
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Figure 4. Contour lines of constant current efficiency obtained by
varying glue and nickel concentrations. Sb(III) = 0.04 mg/1. Substrate:
rough zinc. T = 40°C. Deposition time = 12 hr.
Figure 5. Contour lines of constant current efficiency obtained by
varying glue concentration and temperature. Nickel(II) = 2 mg/1, Sb(III)
- 0.0M mg/1. Substrate - rough zinc. Deposition time - 12 hr.
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Figure 6. Contour lines of constant current efficiency obtained by
varying temperature and nickel concentration. Glue = 10 mg/1, Sb(III) *
0.04 mg/1. Substrate » rough zinc. Deposition time = 12 hr.
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b
Figure 7. Deposits obtained on smooth zinc from Amax electrolyte with a) 
0.04 mg/1 Sb(III) + 5 mg/1 Ni(II). b) 0.04 mg/1 Sb(III) + 5 mg/1 Ni(II) 
+ 15 mg/1 glue. T = 45°C. Acid concentration = 225 g/1. Deposition time
= 6 hr.
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THE EFFECTS OF CATHODE CURRENT DISTRIBUTION ON ZINC ELECTROWINNING
Abstract
The influence of cathode current distribution on current efficiency
2was investigated. The effect of current density (up to 50 mA/cm ) and 
sulfuric acid concentration (150-250 g/1) on current efficiency was 
determined.
The current efficiency tests show that low current densities (up to 
210 mA/cm ) cause an increase in hydrogen evolution and an eventual 
dissolution of the zinc deposits. At the same operating conditions of 
current efficiency tests (12 hour deposition time), cyclic voltammetry 
tests show that the current rise measurements present a good correlation 
with current efficiency.
Electrolytes containing antimony and glue show that, at low current 
densities, glue does not completely counteract the effect that antimony 
and high acid concentrations have on current efficiency. The chemical 
balance of the electrolyte was very critical.
The surface macromorphology of the electrode was an important 
factor to be considered to minimize hydrogen evolution and optimize 
current efficiency. The effect of the ohmic, polarization and 




In the electrowinning of zinc, it has been shown that if the 
cathode surface roughens and becomes more irregular, there is a tendency 
for the current efficiency to decrease. This effect is amplified if the 
electrolyte contains impurities, particularly when other critical 
process variables such as acid content and temperature are not 
optimized.
The regions of major interest on the electrodeposited surface are
the dendritic protrusions and the areas between the dendrites. The
latter are considered to be regions of low current density and possibly
less accessible to electrolyte convection. To evaluate the solution
2behavior at 2-50 mA/cm current densities, solutions containing 50 g/1 
zinc and sulfuric acid in the range 150-250 g/1 were tested.
The primary aim of this research was to investigate the effects of 
the current distribution on current efficiency. The effect of various 
current densities and sulfuric acid concentration and the changes 
produced by the operating conditions on the cyclic voltammogram were 
determined. The effects of surface morphology on current distribution 




Test were conducted using industrial, neutral purified zinc sulfate 
electrolyte obtained from Amax Zinc, Sauget, Illinois. The chemical 
analysis appears in Table I. For a given test, solution compositions 
were adjusted by adding reagent grade sulfuric acid and deionized water 
to give a desired zinc and sulfuric acid concentration.
A 10 mg/1 antimony(III) stock solution was prepared by dissolving 
reagent potassium - antimony tartrate (KtSbO^H^OgHgO) in deionized 
water. Glue (provided by Cominco Ltd., Trail, B. C., Canada) stock 
solution was prepared by dissolving solid pearl glue in deionized water 
to a concentration of 1 mg/1. Glue solution was refrigerated to minimize 
degradation. A stock solution of nickel was prepared by dissolving 
nickelous sulfate in deionized water to a concentration of 1 g/1 Ni(II).
2.2 Cyclic voltammetry.
The cyclic voltammetry experiments were conducted in a Pyrex "H"
2cell employing an aluminum working electrode (area= 1 cm ), a Ti/MnO^ 
counter electrode and a Hg/Hg2SO^/200 g/1 HgSO^ reference electrode 
(+0.667 volts vs. SHE). The experimental set up and procedure have been 
described previously [1]. The potentiostatic tests were conducted in the 
low current density region during the reverse sweep. The deposits were 
held at several potentials and the resulting current change was
monitored.
80
2.3 Current efficiency determinations.
The current efficiency determinations were carried out by 
electrolyzing the solutions in 500 ml. glass beaker cells. The cells 
were fitted with a slotted Plexiglass holder to allow repeatable
electrode alignment. Unless otherwise specified, the electrolyses were 
carried out at 35°C for a period of 12 hours.
Test solutions were prepared from neutral electrolyte, adding 
sulfuric acid, in the range of 150-250 g/1, and deionized water to
obtain a 50 g/1 zinc solution. The additives prepared from the
respective stock solution were tested at 0.040 mg/1 antimony and 0-10 
mg/1 glue.
The industrial zinc electrodes, obtained from National Zinc,
Bartlesville, Oklahoma, were prepared by milling, and the zone where
plating was not desired was insulated with electroplaters’ tape (3M)
2number 865. The active cathode area (4 cm ) was submerged 1.5 cm. under 
the solution line to avoid possible effects of the air-solution line on 
current efficiency. The cathode surface area was prepared by polishing 
with 240 grit SiC paper and then with 600 grit paper, rinsing with
deionized water, followed by ultrasonic cleaning with deionized water. 
Then, the cathode was rinsed with water and dried with air.
A lead-silver alloy, provided by Cominco Ltd. was used as the anode 
material. Anodes were stored in deionized water between tests.
Additional studies were conducted on the zinc distribution on 
irregular cathode surfaces cast using a graphite mold which contained 
hemispherical protrusions 0.6 cm. in diameter and 0.3 cm. in height. To 
produce the desired shape, a graphite mold was prepared and hemispheres
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were drilled on the bottom cup of the mold. Pure zinc (99.99%), provided 
by Amax, Sauget, was melted into the mold and cathodes containing the 
spheroidal protrusions were prepared from the solid zinc rod obtained. 
The mold, the bur, and the rod containing the spheroidal shapes are 
shown in Figure 1.
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3. Results and Discussion.
3.1 Current efficiency tests and cyclic voltammetry.
Experimental results of twelve hour zinc electrodepositions,
obtained at several current densities, are shown in Figure 2. The
experiments were performed using zinc cathodes polished with 600 grit
SiC paper. The test solutions produced low current efficiencies at
2current densities below 10 mA/cm and at high acid concentration. A
2current density of 10 mA/cm is low if it is considered that common
2values in plant operations are 50 to 75 mA/cm . However, low current 
densities can be present at recessed areas on the cathode surface caused 
by irregular growth of the deposit.
These results indicate that the presence of low current density 
cathode regions would induce hydrogen evolution and eventually cause 
dissolution of the zinc deposits. It should be noted that in the 
experiments described above, impurities or glue were not added to the 
electrolytes.
Cyclic voltammetry tests were performed at the conditions of the 
experiments described above to measure the electrochemical activity of 
the solutions. A typical cyclic voltammogram is shown in Fig. 3. Wang et 
al. [2] have discussed the main reactions occurring at different regions 
of the polarization curve. Fosnacht [3] and later Singh [4] and Biegler 
[5] extended the technique investigating the reverse scan. The 
incremental change in current density (current rise) occurring while 
potentiostating in the low current density region, at the reverse scan, 
was evaluated following the technical procedure proposed by Singh [4].
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The solutions were tested during the reverse scan potentiostatically in 
the cathodic region of the voltammogram. Figure 4 shows the data 
obtained.
Figure 2 and Figure 4 clearly show a good correlation between the 
current rise and the current efficiency obtained after 12 hours of 
deposition. The data show that the current rise measurements can be
considered an indicator of hydrogen evolution enhancement or inhibition 
and of zinc deposition stability. High current rise values indicate high
hydrogen evolution, therefore low current efficiencies, in good
agreement with Singh's findings.
During this research, special emphasis was given to the low current 
density zones. As additives are usually present in the electrolytes to 
assist in the process, antimony and glue were investigated and the 
experimental results are shown in Figure 5. The tests were performed at
low and high current densities and at different acid concentrations.
2Good current efficiencies were obtained at 50 mA/cm , but at low current 
densities the presence of glue did not maintain the current efficiency 
at acceptable values. One function of glue is to inhibit or "balance" 
the effect of the impurities present in the electrolyte. However, the 
glue addition did not completely counteract the effect that antimony and 
high acid concentrations had on the efficiency of the process. The 
results indicate that this balance may depend on the current density and 
the acid concentration as well as the concentration of the chemical
impurities.
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3.2 Surface area of dendrites.
The results already described indicate the need to quantify the
variations in current density caused by changes in surface area due to
dendritic growth. An evaluation of the dendrite dimensions, as well as
the surface morphology of the deposits, was made by scanning electron
microscopy (SEM). Figure 6 shows a SEM micrograph of an industrial
sample provided by National Zinc, Bartlesville, Oklahoma.
Table II shows the dimensions of the dendrites obtained from SEM
micrographs and the surface area calculated by revolving the area under 
2the curve Y =4*A*X about the X-axis. The dendrite surface area was
calculated assuming a parabolic dendritic tip (see Appendix B), and the
curve fitted the experimental values very closely.
In Table III, an estimate of the change in surface area produced by
the dendritic growth is presented. The variation in surface area, due to
the growth of the dendrites, produced a significant change in the
average current density. As shown in Table IV, assuming an average
2current density of 50 mA/cm , the increase in surface area due to the 
formation of the dendritic protrusions decreased the current density as 
much as about 60 percent in the area occupied by the dendrite. It is 
evident that current efficiency could be affected considerably, 
especially in the recessed areas. In recessed areas, two or more 
dendrites can create a zone of considerable depth, which could alter the 
current distribution and particularly zinc, hydrogen and impurity 
partial currents. Due to current distribution considerations, current 
density may decrease to levels where hydrogen overpotential is low 
enough to affect the stability of the zinc electrodeposition.
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3.3 Current distribution.
Table V shows the current distribution at diverse angles of 
inclination of the dendrite surface. By geometrical considerations, the 
current density decreases with a decrease in the angle formed by the 
dendrite surface and the perpendicular to the substrate. The lowest 
angle of inclination of the dendrite surface is found in the recessed 
area, where the growth of the dendrite was initiated. These data show 
that if the dendrite surface presents an angle lower than about 11 
degrees, the current density can reach a value lower than 10 mA/cm and 
low current efficiencies may be obtained. As shown in Table II, the 
angle found at the base of the dendrites presented values slightly 
higher than 11 degrees. This comparison may indicate that the dendrites 
could continue growing without a significant decrease in current 
efficiency until a lower angle is formed. However, the simplifications 
made to evaluate the current distribution did not consider the ohmic 
overpotential, which increases with the height of the dendrite [6]. 
Since the ohmic resistance to the current flow increases with the 
dendrite depth, the overpotential tends to shift the current to the peak 
zones. Therefore, it could be expected that the dendrites with low 
angles may evolve more hydrogen during electrodeposition.
Figure 7 shows a cross section of a deposit obtained on a 0.6 
centimeter diameter spheroidal dendrite. The cross section shows a 
thicker deposit in the peak area of the dendrite and a continuous 
decrease of the deposit thickness through the recessed area. The 
decrease in deposit thickness is more noticeable in the dendrite shown 
in Figure 8. This micrograph shows that once the dissolution of the
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deposit starts, the dissolution of the zinc can continue under the 
surface. In the recessed areas, changes of the macrostructure occur and, 
independent of the crystal orientation of the deposit, low current 
efficiencies are obtained. The experimental evidence demonstrates that 
surface roughness must be avoided to decrease the hydrogen evolution 
that characterizes zinc electrodeposition. Hydrogen evolution could help 
to distribute the metal more evenly by mass transfer considerations, but 
also it decreases current efficiency.
The current distribution is closely related to that of the 
potential. Among the factors affecting the current and potential 
distribution are: the geometry of the system, the conductivity of the 
solution and electrodes, the activation overpotential and the transport 
overpotential [6].
From Appendix C, the current density deviation between the dendrite 
peak and the recessed area can be evaluated by:
(Ip - Ir)/Iay = d/(kc»SIN(o/2)) (1)
where:
2I : current density at peak area, mA/cm .P
2I : current density at recessed area, mA/cm . 2
2Iay: average current density, mA/cm .
d : depth between dendrites, cm.
kQ : polarization parameter, cm.
a : angle between dendrites, degrees.
This equation shows that to obtain a uniform metal distribution the 
profile depth has to be as small as possible, while the specific 
electric conductivity and the angle between dendrites must be as large
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as possible. Also, the current distribution becomes practically uniform 
if the profile depth is much smaller than the polarization parameter kc»
For a 50 g/1 zinc sulfate solution containing 150 g/1 sulfuric 
acid, kQ was evaluated as a function of the current density (see 
Appendix C). The experimental evaluation of B, from the cyclic 
voltammograms, gave a value of 0.09 volts. The Tafel slope may be 
altered by the change in mechanism produced by impurities. A fundamental 
study on the change in the B value should be conducted to investigate if 
the change in Tafel slope can be an indicator of the variations observed 
in current efficiency.
From the experimental data:
k = (16.02)/I
where
I = [mA/cm ]
As shown in Table VI, the deviation in current density, estimated 
for the actual dendrite height at 35°C and 50 mA/cm2, affirms that the 
zinc sulfate system does not tolerate the presence of surface roughness. 
Under any practical operating conditions, small protrusions would tend 
to increase the current distribution deviations. This behavior would 
tend to increase current density at the peak areas and decrease it in 
the valleys. With time, the deposited metal would show an increase in 
dendrite heights.
3.M Limiting current density.
To obtain an estimation of the effect of the concentration 
overpotential, the limiting current of zinc at the system conditions was
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evaluated. It has been recognized that if the current density of the 
system exceeds a certain fraction of the limiting current, a rough 
deposit may evolve [7].
From Appendix D, the limiting current can be expressed as:
Ix = D*C*n*F/[(1-t)*6] (mA/cm2)
and
6 - D/k (cm)
where:
2: limiting current density, mA/cm .
2D : diffusion coefficient, cm /sec.
■5C : bulk concentration, moles/cm
n : change of oxidation state.
F : Faraday constant, 96500 Coulombs.
t : transference number .
6 : diffusion layer thickness, cm.
k : mass transfer coefficient, cm/sec.
The measurement of the limiting current density was made using a 
method developed by Ettel et al. [8]. This method consists in
codepositing a tracer ion in the electrowinning process together with 
the metal in analysis. The limiting mass transport of the tracer is 
determined by chemical analysis of the deposit. The mass transport of 
the primary metal ion can then be related to that of the tracer [9.10], 
as shown in Appendix D.
2The estimated limiting current for zinc ions was 105 mA/cm , at 
35°C and 50 mA/cm2. The calculated diffusion layer thickness at these 
conditions was 0.0085 cm. As the average current density is about 50 %
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below the limiting current, 50 mA/cm would prevent dendritic growth in 
a cathode surface if the current is uniformly distributed. Thus, on 
smooth cathode surfaces, it could be expected that smooth and compact 
deposits would be obtained. The diffusion layer thickness was smaller 
than the dimensions of the evaluated dendrites. This would indicate that 
the ionic concentration is rather homogeneous on the dendrite surface. 
However, the interdendritic depth (as shown in Table II) is large enough 
to produce a variation of the diffusion flow. The height of the 
dendrites favor the diversion of ions to the peaks areas.
3.5 Agitation effects.
Agitation may help in decreasing the influence of the diffusion 
flow by diverting more concentrated solution to recessed areas. But 
impurities are also brought to the low current density region and they 
might affect the partial current of zinc and hydrogen. The partial 
current of hydrogen tends to increase at low current densities, thus the 
rate of hydrogen evolution may increase. Studying the polarization 
changes produce by agitation on the cyclic voltammograms could give an 
indication of the changes that can occur during the electrolysises from 
electrolytes containing impurities.
The analysis of the cyclic voltammograms with and without agitation 
provides qualitative information of the effect of impurities and 
additives. Figure 9 shows the effect of agitation in the front scan of 
the polarization curves and its influence on the metal distribution is 
summarized in Table VII.
2
Peak zones should have easier access to fresh solution than
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recessed areas. Therefore, it could be possible to associate peak areas 
to forced convective mass transport while the recessed areas can be 
related to natural convection. From this approach and the results of 
Figure 9, it can be stated that agitation is beneficial in solutions 
containing organic additives, such as glue. Agitation increases the 
polarization of the electrode in the presence of glue, an effect that 
helps to distribute the ions more homogeneously. Because of the higher 
polarization, glue helps to divert more concentrated solution to 
recessed areas. Agitation increases this tendency even more. The 
presence of glue in the electrolyte polarizes the electrode but also 
increases the partial current of hydrogen. Thus, an excess of the 
additive is not acceptable.
Agitation shows an opposite effect in the presence of impurities 
such as antimony. Antimony depolarizes and agitation increases the 
depolarization. Nickel did not affect polarization. The curves obtained 
from the nickel- containing solution were not altered by agitation, and 
the potential was similar to that of the addition - free electrolyte. A 
solution containing 0.0M mg/1 Sb(lII), 3 mg/1 Ni(II) and 15 mg/1 glue 
shows that agitation has a significant depolarizing effect at those 
concentrations. Therefore, it could be expected that even when the 
solution presents normal polarization values, dendritic growth may occur 
and low current efficiency can be obtained due to the concentration 
polarization effect.
The different effects produced by additives and impurities show the 
complexity of the zinc electrowinning system and the need to clearly 
identify what is needed to obtain an optimum balance. It is also
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clearly demonstrated that roughness evolution should be minimized by all 
means. Roughness upset the stability of the electrolyte, which on smooth 
electrodes should produce good deposits and high current efficiencies. 
Once roughness evolves, the partial overpotentials in the system are 
altered, tending to increase roughening. This cause-effect behavior 
facilitates the hydrogen evolution and, once initiated, it is difficult 
or impossible to counteract.
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4. Conclusions.
The current efficiency tests of twelve hour zinc electrodeposition
show that low current efficiencies are obtained at current densities
2below 10 mA/cm , and at high acid concentrations, such as, 250 g/1 
H^SO^. The results show that low current densities cause an increase in 
hydrogen evolution and an eventual dissolution of the zinc deposits. At 
the same operating conditions of the current efficiency tests, cyclic 
voltammetry tests show that the current rise measurements present a good 
correlation with current efficiency.
Tests performed with electrolytes containing antimony and glue show 
that, at low current densities, the addition of glue does not completely 
counteract the effect that antimony and high acid concentrations have on 
current efficiency. This observation indicates that the balance of the 
electrolyte is very critical.
The variations in current density caused by the changes in surface 
roughness must be avoided to decrease the hydrogen evolution and to
obtain high current efficiencies.
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Table I




Sb < 0.05 (mg/1)
Ge < 0.01 (mg/1)
Co 0.2 (mg/1)
Ni < 0.05 (mg/1)





Dendrite Surface Area and its Variation 
from Initial Conditions
Dendrite dimensions
Dendrite Length Height a/2 Initial Total
surface surface
# cm cm degree
C\JBO cm2
1 0.20 0.11 24.4 0.0314 0.0567
2 0.15 0.16 13.2 0.0177 0.0539
3 0.15 0.07 28.2 0.0177 0.0287
4 0.16 0.09 23.9 0.0201 0.0369
5 0.05 0.05 13-9 0.0020 0.0056
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Table III
Variation in Average Surface Area
Due to Dendrite Shape
Dendrite Initial Total Change in Surface
Surface Surface Area
(v < V < V si)/si
# 2 2cm cm
1 0.03U 0.0567 0.81
2 0.0177 0.0539 2.05
3 0.0177 0.0287 0.62
4 0.0201 0.0369 0.84
5 0 .0020 0.0056 1 .80
97
Table IV
Change in Current Density Due to Dendrite Shape
Dendrite Total Total Average Change in
Current Current C.D. on C.D.
Density Dendrite
*t ^ t * 3! i ,=I/S. d t W ' h
# mA/cm2 mA mA/cm2
1 50 1.57 27.7 0.45
2 50 0.885 16.4 0.67
3 50 0.885 30.8 0.38
4 50 1.005 27.2 0.46




Angle of Inclination 
















Variation in Current Density on Dendrite Surface
Alpha/2 sin(alpha/2) kc d (i — i r)/i ay
Degree cm cm
24.4 0.1113 0.32 0.11 0.83
13.2 0.228 0.32 0.16 2.19
28.2 0.473 0.32 0.07 0.46
23.9 0.405 0.32 0.09 0.69
13.9 0.240 0.32 0.05 0.65
Table VII
Effect of Agitation on Polarization
Additives Agitation Polarization
none no base
none yes slight depolarization
Sb no strong depolarization
Sb yes increases depolarization
Ni no slight depolarization
Ni yes as without agitation
Glue no strong polarization
Glue yes increases polarization
Sb,Ni,Glue no more polarized than base
Sb,Ni,Glue yes depolarized
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Figure 1. Graphite mold used to cast hemispherical protrusions of 0.6 
cm. in diameter and 0.3 cm. in height. The bur and the rod of 99.99%
zinc are also shown
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CURRENT DENSITY Cmfl/sq.cm.)
Figure 2. Variation of current efficiency versus current density. 
Substrate: smooth zinc. Solution: 50 g/1 zinc and 150-250 g/1 HgSO^, 

















Figure 3. Voltammogram obtained for Amax electrolyte without additives. 




Figure 4. Current density rise for samples potentiostated at selected 
current densities. Holding time = 10 minutes. Solution: Amax electrolyte 
50 g/1 zinc and 150-250 g/1 H2S04. T - 35°C.
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RCID CONCENTRATION Cg/I)
Figure 5. Variation of current efficiency versus sulfuric acid
2concentration. Substrate: smoooth zinc. Current density = 4 mA/cm . 
Additives: 0.04 mg/1 Sb + 10 mg/1 glue and 0.04 mg/1 Sb + 5 mg/1 glue. 
- 35°C.Temp.
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Figure 6. SEM micrograph showing a dendrite of an industrial zinc
cathode
107
Figure 7. SEM micrograph showing the zinc deposited on a hemispherical
dendrite.
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Figure 8. SEM micrograph of a dendrite showing dissolution of the zinc 
deposited in the low current density region.
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-POTENTIRL mV vs SHE
Figure 9. Change in the polarization potential due to agitation. 
Solution: Amax electrolyte containing: no additives, 10 mg/1 glue, 0.04 
mg/1 Sb and 0.04 mg/1 Sb + 3 mg/1 Ni + 15 mg/1 glue. T = 35°C.
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Industrial Electrodeposited Zinc Cathodes Presenting 
Diverse Degrees of Surface Roughness.
Figure 1. Industrially deposited zinc. Rough zinc: a) as received, b) 
after milling and insulated with electroplaters' tape (3M). Smooth zinc: 
c) as received, d) after milling, polishing down to 600 grit and 





. Smooth zinc cathode a) surface polished to 600 grit, b)
cross section (X1000).
11 3
Figure 3. "Roughness 1" zinc cathode a) surface b) cross section
( X 1 0 0 0 ) .
Figure 4
1 1 4
( X 1 0 0 0 )
1 1 5
Figure 5 section
( X 1 0 0 0 )
1 1 6
Appendix B
Equations to Evaluate the Surface Area of the Dendrites
Mathematically, the surface area of any figure can be evaluated by: 
Surface Area = S = 2*it*F(X)*/( 1+[F' (X)]2)dX
F(X) is a function that possesses a continous derivative F'(X) in 
an [a,b] interval and F(X) > or = 0 in [a,b].
Cone Surface Area
To obtain a cone surface area, the cone can be placed so that its 
vertex is at the origin and its central axis is along the X-axis. The 
cone can be generated by revolving the area under the line Y=(R/H)*X 
about the X-axis. Then, the surface area can be evaluated by:
where:
rH





S: surface area of the cone, cm 2
ir:  3 •  1 4 1 5 9 2 6 5 4
R: radius of the cone, cm
H: height of the cone, cm
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Surface Area under a Parabolic Curve.
To obtain the surface area under a parabolic curve, the figure
generated by revolving the parabolic curve about an axis, can be placed
so that its vertex is at the origin and its central axis is along the
2X-axis. Revolving the area under the line Y = 4*A*X, the surface area 
can be evaluated by:
[ * Y*/[1+Y» ]dX
where
Y = 2*/[A*X] 
Y'= /[A/X]
Jaf
S = 2*/[A*X]*/[ 1+(A/X)]dX
• x
S = 4*tt* //A*/[X+A]dX7
S = M*it*A* /[A+X]dX
■'ft
then
S = 8*t:Va*{[A+X]1 *5-A1 *5}/3
where
S: surface area, cm 
A: constant, cm
X: distance to the origin, cm
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APPENDIX C
Theoretical Considerations to Evaluate Current Density Distribution 
and Electrolyte Diffusion Layer Thickness.
The driving force in metal electrodeposition is the applied 
electric potential which can be expressed as:
E. = E + n, t eq. t (1)
where
E is the equilibrium potential obtained by thermodynamic 
considerations.
n is the overpotential.
"t ■ n0 * nc +na (2)
where
nQ is the ohmic overpotential, related to the conductivity of the 
solution and the electrodes.
nQ is the concentration overpotential, caused by the concentration 
differences between the electrode-solution interface and the bulk 
solution and controlled by the transport phenomena.
n^ is the activation overpotential, which depends on the kinetics 
of the electrode reaction step and all the surface process.
Also, a local overpotential, n^ , is defined as
nl ■ na * ne (3)
which can be measured by means of the cyclic voltammetric techniques.
The potential value is moved from the equilibrium potential when 
impurities and solid in suspension are present in the electrolyte. Also,
composition, operating condition and surface roughness can affect the
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potential value. To analyze the current distribution a convenient 
separation has been made:
Primary current distribution: is the current distribution obtained in
absence of activation and concentration overpotential. It can be
determined by the resistance to the electric current flow opposes by the
electrolyte and the electrode. The electrode resistance is usually
6neglected because the electrode conductivity is about 10 times higher 
than the conductivity of the electrolytes. With this assumption the 
electrode surface can be considered at practically constant potential. 
On protuding areas, primary current distribution tends to concentrate 
the current in peaks and decrease the current in valleys.
Secondary current distribution: considers the ohmic resistance of the 
electrolyte and the activation overpotential . The activation 
overpotential, also known as polarization, increases with increasing 
local current density.
As mentioned before, there is the tendency to have higher current 
densities in peaks areas, but also peaks areas will tend to have higher 
polarization than resess areas. The greater overpotential on the peaks 
tends to oppose current flow and divert current towards recess areas. 
The ohmic resistance decreases with decreasing profile depth, then 
polarization would tend to produce an even current distribution leading 
to a practically uniform deposit.
Tertiary current distribution: takes into account the transport 
overpotential in addition to the activation overpotential. Transport 
overpotential is also known as concentration overpotential.
Considering only primary current distribution, the potential
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difference between the recess area and the peak can be expressed by:
- E = d*I./o P b
where
(4)
E^: electrode potential at the recess area, mV 
Ep: electrode potential at the peak area, mV 
d : groove depth or dendrite height, cm
1^: current density at a distance b from the electrode, mA
-io : specific conductivity, ohm *cm
If the angle enclose by the surface is Alpha, then the average 
current density
Iav = Ib*SIN(Alpha/2) (5)
Substitution in equation (4) gives
Er - Ep = d*Iav/(o*SIN(Alpha/2) (6)
The relation current-potential can be linearized in the range of 
study then
Er-Ep“(Ip-Ir)*[dE/dI] (7)
and this approach gives
(Ip - Ir)/Iay = d/kc*SIN(Alpha/2) (8)
where
kQ = o*[dE/di] 
and
(9)
kQ = polarization parameter, cm
or in the Tafel region 
n = A - B*ln(I)cl
( 10 )
( 1 1 )
theoretically
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A = (2.303*R*T/ac*F)*log(I0) (12)
B = (2.303*R*T/ac*F) (13)
|dE/dl| - |dna/dl| - R*T/(ac*F*I) (14)
IdE/dll = B/(2.303*1) (15)
and
R = gas constant = 8.314 Joules
T = the absolute temperature, Kelvin
a = cathodic transfer coeficient c
F = 96500 Coulombs
Iq = exchange current density at the equilibrium 
potential
When I = I , at the theoretical value of a = 0.5, the Tafel
cl C C
constant B gives a value of 0.12 volts, at 35°C. The Tafel constant B 
can be evaluated experimentally, from cyclic voltammetry, to obtain an 
estimation of k .
Concentration overpotential is govern by mass transfer mechanisms. 
The physical transfer of ions or molecules from the electrolyte to the 
electrode has been evaluated by C. R. Wilke et al. The total rate of 
transfer of a given component within the solution can be represented by
NT = Nm + Nd + Nc (16)
where
2: total rate of transfer in g-moles/cm sec.
2N^: rate of migration in g-moles/cm sec.
2N^: rate of diffusion in g-moles/cm sec.
2N : rate of convection in g-moles/cm sec. c
12 2
For steady-state process the rate of migration can be expressed by 
Nm = t*I/n*F (17)
where
t : the transfer number for the given species
2I : the current density, amp/cm
n : the valence charge of the ion
F : Faraday constant (96500 amp*sec/g-equivalent)
The rate of diffusion is given by
Nd = -D*(dC/dy) (18)
where
2D = diffusion coeficient, cm /sec.
3C = concentration of diffusing species, g-moles/cm . 
y = distance in the direction of diffusion, cm. 
and the rate of transport by convection may be expressed by 
Nc = Vy*C (19)
where
Vy = velocity of fluid movement in the y direction, cm/sec.
3C = concentration of transported species, g-moles/cm .
The rate of mass transfer from a fluid to a solid is also defined 
in terms of the mass-transfer coefficient for the fluid phase and the 
concentration difference between the bulk solution and the interphase. 
Therefore
V (c0 - ci> (20)
where
k, = mass-transfer coefficient, cm/sec. d
Cq = concentration of species in the bulk, g-mol/cm 3
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Ci = concentration of species in solid-liquid interphase, g-mol/cm 
The rate of mass transfer can be estimated by subtraction of the 
migration rate from the total rate of transfer of species envolved in 
the electrochemical reaction.
N - (1-t)*I/n*F = kd*(C0 - c .)  (21)
then
1 = kd*(C0 " Ci)*n*F/(1-t) (22)
For the limiting current density, Ci=0
then
I. = D*C*n#F/[(1-t)*6] (mA/cm2) (23)Lj
and
6 = D/k (cm) (24)
where
21^ = limiting current density, mA/cm
2D = diffusion coefficient, cm /sec. 3*6
3C = bulk concentration, moles/cm . 
n = change of oxidation state.
F = Faraday constant, 96500 Coulombs.
6 = diffusion layer thickness, cm.
t = transference number, 
k » mass transfer coefficient, cm/sec.
Appendix D
Sample Calculation of Zn Limiting Current Density, Mass Transfer 
Coefficient and Diffusion Layer Thickness
For the 150 g/1 Amax (Batch II) electrolyte containing 50 mg/1 Cd 
at 35°C and 50 mA/cm2, the limiting current density of zinc was 
evaluated using the tracer method.
Tracer: Cd.
Cd(II) in solution = 50 mg/1 
Stock solution = 25 g/1 Cd(II)
Volume of stock solution added to 200 cc of electrolyte 
VCd = 50 * 200/(25 * 1000) = 0.4 cm3
Preparation of 100 cc standard solutions for AA analysis.
Solution #1 = 1 mg/1 Cd(II)
Solution #2 = 2 mg/1 Cd(II)
4 cc HNO^ (5N) were added to 100 cc flasks
Dissolution of the deposit: Zinc deposited was dissolved in 40 cc HNO^ 
(5N) and the solution was diluted to 1 liter with deionized water. 
Deposition time = 2 hours 
Weight of zinc sample - 0.4414 grams
Theoretical Weight = 65.38 * 0.2 * 2 * 3600/(2 * 96500) = 0.4878g 
Current Efficiency % = 0.4414 * 100/ 0.4878 = 90.49$
Initial concentration of Cd in solutions from AA analysis.
a) Cd = (1.043 + 0.969)/2 = 1.006 mg/1
b) Cd = (1.049 + 0.976)/2 = 1.013 mg/1
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c) Cd average = 1.010 mg/1
d) Cd in deposit - (1.021 + 1,035)/2 = 1.028 mg/1
e) Total Cd - 1.028 mg/1 * 11 - 1.028 mg 
Cd Current = W * Z * 96500/(M * I * t)
Cd Current - 1.028 * 2 * 96500/(112.41 * 2 * 3600 * 1000)
Cd Current = 0.245 mA 
Cd Limiting Current Density:
i 1 = 0.245 mA/4 cm2 = 0.0613 mA/em2 
Evaluation of initial Cd concentration 
25 cc * 1.01 mg/1 = 0.5 cc * X mg/1 
X = 25 * 1.01/0.5 = 50.5 mg/1 
Cadmium concentration
Cfe = 50.5 mg/1/(103 mg/g * 1000 cm3/l * 112.41 g/gmol) 
CCd = 4.492 * 10 7 gmol/cm3
kt = il * * F * Cb)
k = 0.0613 * 10_3/(2 * 96500 * 4.492 * 10~7)
kt = kcd = 7,07 * 10  ̂cra/sec
6 » 85 pm
Limiting Current of Zinc
(1 ~ tZn(II) ̂ 1  ,Zn(II) (1 tCd(H)) il,Cd(II) *
DCd(II) " DZn(II)
Assuminglirlg kZn(Il) = kCd(ll)
6 = D/k = 6 * 10_6/(7.07 * 10~M) - 8.5 * 10~3 cm
where tZn(ll) " ^ d d l )
nZn(II) nCd(II)= n H ,TT, - 2 eq/mole
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then
CZn(II) = 50 g/1 = °*7647 mole/cm3 
CCd(II) “ 50 mg/1 “ * 10  ̂mole/cm3
DZn(II) '  Dc d (II)  -  6  * , 0 " 6  °” 2/3eo 
il zn(ll) = °-°613 * 112.41 x 103 * 0.7647/50
ll,Zn(II) ' 105-‘l "A/om2
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Appendix E
Continuous Weighing Program for Monitoring Current Efficiency Tests.
Several current efficiency tests were made using a continuous 
weighing system. The automated weighing system consisted of a Softweigh 
interface card (Microsystem Research Corporation) installed in an IBM 
personal computer, and a Mettler balance (PE 600) provided with a 016 
Data Output board. A computer program, written in BASIC language, was 
prepared to obtain data from the balance. The weight was monitored 
continuously and the information stored at a given time interval. The 
data was later retrieved from the storage device and analyzed. An 
additional program was written to sort the information obtained during 
the current efficiency tests.
Figure 1 shows a plot obtained with the data retreived from a file 
stored from the continuous weighing program. The solution was prepared 
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Figure 1. Weight of zinc deposited versus time on aluminum substrate 
with and without nickel addition. Solution: 50 g/1 zinc, 150 g/1 HgSO^ 
Amax electrolyte. T= 35°C.
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1. Program to transfer data to computer.
10 REM ** CONTINUOUS WEIGHING PROGRAM** 
written by Horacio Aros
20 CLS
30 SCREEN 0,0 
40 COLOR 2,0 
50 CLS
60 PRINT CHR$(7)
70 REM THIS PROGRAM READ THE WEIGHT OF THE CATHODE FROM THE BALANCE 
AND EVALUATE CURRENT EFFICIENCY
80 REM
90 PRINT " BEFORE YOU RUN THIS PROGRAM BE SURE YOU HAVE"
100 PRINT " CREATED DIRECTORIES IN YOUR DATA DISKETTE"
110 PRINT " PLEASE NAME THEM LEVEL1, LEVEL2, ETC."
120 PRINT:PRINT
130 PRINT " THIS PROGRAM TO BE RUN REQUIRES"
140 PRINT " THE NUMBER OF HOURS THE TEST LASTS"




190 PRINT " INITIAL LEVEL HAS BEEN DEFINED AS LEVEL1": LEVEL$="LEVEL1 
200 PRINT
210 PRINT " TIME INTERVAL FOR STORING DATA : 2 MINUTES"
220 PRINT
230 PRINT " TIME ="KMAX;"HOURS CURRENT ="AMP;"AMPERES"
240 PRINT
250 PRINT " CATHODE AREA - ";AREA" SQ.CM":PRINT
260 INPUT " ARE THESE DATA CORRECTS (Y/N)";DI$
270 IF DI$ ="Y" OR DI$="y" THEN GOTO 340 ELSE 280 
280 INPUT "INPUT LEVEL NUMBER DESIRED";L$
290 LEVEL$ ="LEVEL"+L$
300 INPUT "INPUT TIME INTERVAL (MINUTES) YOU 
DATA";MINUTE
310 INPUT "INPUT NUMBER OF TEST HOURS";KMAX :PRINT 
320 INPUT "INPUT CURRENT IN AMPERES";AMP :PRINT 
330 INPUT "INPUT CATHODE AREA IN SQ. CM.";AREA 
340 CLS
350 PRINT "WHEN READY TO START:"
360 PRINT
370 PRINT " TURN ON CURRENT SWITCH ON PANEL
380 PRINT:PRINT " AND PRESS ANY KEY ON KEYBOARD"




430 LPRINT VA$ SPC(3)"CONTINUOUS WEIGHING PROGRAM":LPRINT 
440 LPRINT VA$ "SOLUTION: AMAX MAY 85 ":LPRINT 
450 LPRINT VA$ SPC(10)"ZN/H2S04 :50/150 (G/L)":LPRINT 
460 LPRINT VA$ "IMPURITIES : NONE":LPRINT
WANT TO STORE THE
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470 LPRINT VA$ SPC(3) VB$ SPC(3) DATE$
480 LPRINT
490 LPRINT VA$ SPC(3) VC$ SPC(3) TIME$
500 LPRINT








590 REM ** TAKE DATA FROM BALANCE **
600 MR$=SPACE$(20):ZZ=0
610 DEF SEG =0:IF PEEK(8cH4F4)<>&H77 THEN PRINT "DRIVER NOT LOADED, PLEASE
RUN SFW---EXITING." :END
620 DEF SEG = PEEK(&H4F0)+256*PEEK(&H4F1)
630 U$=1:F%=1:CALL ZZ(F$,U$,MR$,E5&)
640 REM PRINT RECEIVED STRING ON MONITOR
650 1=1+1
660 LOCATE 10,10
670 PRINT "READING # ";I;








760 DIFSEC= ACTUALSEC - FINSEC 
770 IF DIFSEC >=0 THEN GOTO 820 
780 FLAG = 1
790 ACTUALSEC = ACTUALSEC + 24*3600 
800 DIFSEC = ACTUALSEC - FINSEC 
810 GOTO 860
820 IF FLAG = 0 THEN GOTO 860
830 TOTSEC = ACTUALSEC + 24*3600 - INITSEC
840 PRINT " TEST" TOTSEC :LOCATE 3,60 :PRINT TIME$
850 GOTO 880
860 TOTSEC = ACTUALSEC - INITSEC
870 PRINT " TEST" TOTSEC :LOCATE 3,60 :PRINT TIME$






940 DELTAH = H2 - HH 
950 IF DELTAH < 0 THEN FLAG = 1 
960 J=J+1
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1020 FOR M-1 TO P 
1030 XW-XW+X(M)
1040 NEXT M
1050 REM ** CREATING A DATA FILE**
1060 CON1$="MIN":CON$=STR$(K):C0N2$=MID$(C0N$,2): CON3$="~":COR$=STR$(J) 
CON4$=MID$(COR$,2):CON5$=".DAT"
1070 FUL$=C0N1$+CON2$+CON3$+CON4$+CON5$
1080 FL1 $ = "B: \ " :FL2$=LEVEL$ :FL5$="\":
FL3$=FL1$+FL2$+FL5$+FUL$
1090 LOCATE 12,10
1100 PRINT "DATA FILE NAME " FL3$
1110 IF MOM-MINUTE THEN 1120 ELSE 1180 
1120 MOM-O
1130 OPEN FL3$ FOR OUTPUT AS #1 






1200 PRINT "DIFSEC DIFSEC
1210 THW=65.38*AMP*TOTSEC/(2*96500!)
1220 LOCATE 16,10 
1230 PRINT "THEQR WEIGHT- 
1240 PRINT USING "###.##";THW 
1250 LOCATE 18,10
1260 PRINT "TOTAL SECONDS =" TOTSEC 
1270 LPRINT
1280 LPRINT VA$ SPC(1);
1290 LPRINT USING "##";K;
1300 LPRINT
1310 LPRINT USING "##";J;
1320 LPRINT SPC(2);
1330 LPRINT USING "###.## ";WAV;THW 
1340 IF K >= KMAX THEN 1380 
1350 1=0
1360 MOM-MOM + 1 
1370 GOTO 590
1380 LPRINT VA$ SPC(3) VB$ SPC(3) DATE$
1390 LPRINT




2. Program to sort the data stored.
10 REM **THIS PROGRAM SORTS THE NUMBERS IN YOUR FILES** 
written by Horacio Aros.
20 CLEAR 
30 COLOR 14,1,1 
40 CLS 
50 KEY OFF 
60 LOCATE 10,1
70 PRINT " INSERT DATA DISKETTE IN DRIVE B: AND"
80 PRINT " PRESS ANY KEY TO SHOW THE PROGRAMS"
90 PRINT " STORED IN LEVEL1 OF THE DISKETTE"
100 IF INKEY$="" THEN 100 
110 PRINT:FILES"B:\LEVEL1\"
120 PRINT "INSERT NEW DATA DISKETTE IN DRIVE A: AND PRESS ANY KEY":PRINT 
130 IF INKEY$="" THEN 130 
140 CLS
150 CLS:LOCATE 10,1
160 PRINT " IN FILE NAME ** MIN5~13.DAT ** HOURS=5 AND
MINUTES=13":PRINT
170 PRINT:PRINT " INITIAL FILE NAME INFORMATION"
180 PRINT:INPUT " INPUT HOUR AND MINUTE VALUES 
(i.e. 0,3)";H,M
190 PRINT:PRINT " FINAL FILE NAME INFORMATION"
200 PRINT:INPUT " INPUT HOUR AND MINUTE VALUES (i.e. 12,0)";P,R 





250 FOR K=H TO P 
260 FOR J=M TO 60 STEP INTERVAL 
270 IF J<60 THEN GOTO 330 
280 K1 =K+1 :JW-60
290 CON1$="MIN":C0N$=STR$(K1): CON2$=MID$(CON$,2):CON3$="“"
300 COR$=STR$(J1):CON4$=MID$(COR$,2):CON5$=".DAT"
310 IF K=P AND J>R THEN 720 
320 GOTO 370






390 PRINT " FILE NAME = ";IN$
400 REM ** READ DATA **
410 OPEN "I",#1,IN$
420 C-1
430 IF EOF(1) THEN 460 
440 INPUT #1, T(C)
450 C=C+1:GOTO 430
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•460 CLOSE #1 
470 D=C-1 
480 PRINT "C=";C 
490 PRINT
500 PRINT "UNSORTED NUMBERS":PRINT 
510 FOR X=1 TO D 
520 PRINT T(X);
530 NEXT X
540 PRINT:PRINT"SORTED NUMBERS":PRINT 
550 GOSUB 1190 
560 FOR X=1 TO D 
570 PRINT T(X);
580 NEXT X











700 PRINT:PRINT " MINUTE " W1(W1) " AVERAGE VALUE " AV(W1)
710 W1=W1+1 
720 NEXT J 
730 NEXT K
740 REM ** SAVING DATA **
750 INPUT "INPUT FILE NAME TO SAVE YOUR DATA";FLN$
760 OPEN FLN$ FOR OUTPUT AS #1
770 FOR 1=1 TO W1-1
780 WRITE #1,W1(I),AV(I)
790 NEXT I 
800 CLOSE #1
810 INPUT "DO YOU WANT TO SORT MORE DATA ? (Y/N)";DI$
820 IF DI$="Y" OR DI$="y" THEN GOTO 10 ELSE 830
830 INPUT "DO YOU WANT TO CREATE AN ENG FILE NOW ? (Y/N)";EN$
840 IF EN$="Y" OR EN$="y" THEN GOTO 850 ELSE 1490 
850 REM ** CREATES ENG FILES **
860 INPUT " INPUT NUMBER OF LINES YOU WILL HAVE IN YOUR PLOT";LN$ 
870 FOR I?=1 TO LN5&
880 PRINT "INPUT NAME OF FILE CONTAINING DATA FOR LINE NUMBER ";I% 
890 INPUT FILE$(I$)
900 OPEN FILE$(1$) FOR INPUT AS #1 
910 C=1
920 IF EOF(1) THEN 950 
930 INPUT #1,X(I%,C),Y(I%,C)





980 INPUT " INPUT ENG FILE NAME TO BE SAVED";FILN$





1040 WRITE #1,2,LN56 
1050 PRINT #1,"M"
1060 WRITE #1,0,1 
1070 WRITE #1,0,720,100 
1080 MAXI5U9999 
1090 FOR JJ6-1 TO LN$
1100 IF MAXI56>NPT56(J5&) THEN MAXI56=NPT56(J%)
1110 WRITE #1.,NPT*(J»,17,0,3,12 
1120 PRINT #1,""
1130 WRITE #1,0,3,.5
1140 FOR 156=1 TO NPT%(J%): WRITE #1 ,X(J%, 1%) ,Y(J%, 1%) :NEXT 156 
1150 NEXT J56
1160 FOR 156=1 TO MAXI56:PRINT #1,"":NEXT 156 
1170 FOR 156=1 TO 10: WRITE #1,0:NEXT 156 




1220 SF%=1 :SL%=SN5S 
1230 SC56=0
1240 IF SF56>=SL56 THEN 1430
1250 SD56=SL56+1 :SI56=SF56
1260 SM56=INT((SL56-SF56)/2)+SF!6
1270 T=T(SM56) :T(SM56)=T(SF56) :T(SF56)=T
1280 SI56=SI56+1 :IF T(SI?6)<T THEN 1280
1290 SD56=SD56-1 :IF T(SD%)>T THEN 1290




1340 IF (SD56-SF56) < (SL%-SD%) THEN 1390
1350 SS56(SC56+1) =SF%
1 360 SS56(SC56+2)=SD56-1 
1370 SF56=SD56+1 




1420 SC/6=SC56+2:GOTO 1240 
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